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ABSTRACT 
Solving the folding problem has enormous implications: exact drugs can be designed 
theoretically on a computer without a great deal of experimentation. Genetic engineering 
experiments to improve the function of particular proteins will be possible. Simulating 
protein folding can allow us to go forward with the modeling of the cell. If the protein 
folding problem were solved, the thousands and thousands of proteins that have been 
sequenced could have their structures deciphered almost overnight, revolutionizing our 
understanding of how proteins function. Of course it probably won't happen that way; the 
protein folding problem will probably be slowly chipped away at rather than solved in 
one fell swoop. 
Lectins from legume plants have been widely used as model systems to understand the 
molecular basis of how proteins recognize carbohydrates, because they are relatively easy 
to obtain and have a wide variety of sugar specificities. The many crystal structures of 
legume lectins have led to a detailed insight of the atomic interactions between 
carbohydrates and proteins. Also many lectins are important tools in biomedical research 
hence, there has been considerable interest in the investigation of their conformational 
properties. 
3"^ chapter 
Bovine serum fetuin (BSF) is a glycoprotein abundant in calf serum. It is a protein found 
predominantly during fetal stage. Experiments with serum from calves of different ages 
have shown that the amount of this globulin has its highest value in newly born calves 
and decreases with time. It plays a vital role in development during fetal stages especially 
in brain development and also has homology with a-2 HS glycoprotein which is said to 
be its mammalian counterpart. So studies were carried out to prove the conformational 
alterations in the structure of this protein and its application to clinical biochemistry and 
its related protein a-2 HS glycoprotein. Fetuin (a-2-HS glycoprotein) has a role in 
postnatal bone growth and remodeling. It contributes to insulin resistance during normal 
pregnancy and gestational diabetes. It also regulates neonatal skeletal development. It 
has been shown that fetuin and various cytokines have a developmentally regulated 
appearance and expression in the developing neocortex. A short 19 amino acid sequence 
of fetuin shows a degree of homology to an 18 amino acid sequence of the transforming 
growth factors-beta (TGF-beta) type-II receptor and invitro fetuin binds to members of 
the TGF- beta family of cytokines. It has been suggested that fetuin is the biologically 
significant antagonist of these cytokines. Thus fetuin has a very important role in the 
overall development of the fetus. Any misfolding in this protein can have adverse effects 
on its functioning and its interaction with cells and other molecules leading to general 
development as well as brain development anomalies. Attempts can be made to correct 
the misfolding if the folding pathway is well understood. Effect of pH over a range of 
0.8-10 on bovine serum fetuin (BSF) was observed by far and near-UV CD spectroscopy, 
intrinsic tryptophan fluorescence and ANS fluorescence measurements. We have shown 
the presence of a molten globule form of fetuin at low pH. The far-UV CD spectra 
showed the regain of secondary structure at pH 1.8 as compared to the complete loss of 
secondary structure in presence of 6M GndHCl. Near-UV CD spectra showed disruption 
of tertiary structure at pH 1.8. Tryptophan fluorescence studies indicated that there is 
only a slight red shift in the wavelength emission maxima (A-max) of fetuin at low pH as 
compared to a significantly red-shifted spectrum of the completely unfolded state in 6M 
GndHCl indicating that the tryptophan environment of fetuin at low pH resembles more 
with the native form. ANS binding experiments also showed an enhancement in ANS 
binding with decrease in pH up to 1.8. ANS binding was absent at pH 7 and in presence 
of 6M GndHCl. Fluorescence quenching experiments were also performed with 
acrylamide, cesium chloride and potassium iodide. The quenching of tryptophan 
fluorescence by the three different quenchers indicates that low pH induces a 
conformational change in protein making the tryptophan residue less accessible to 
solvent. This suggested that a more compact structure exists at low pH. The results 
being in accordance with far-UV CD and fluorescence studies imply the presence of 
molten globule state of fetuin at low pH. As studied by fluorescence spectroscopy 
denaturation of fetuin at low pH was found to be reversible. 
Asialofetuin, the desyalylated form of fetuin was also studied and presence of a molten 
globule like partially folded intermediate at around pH 1.8 was shown to exist, which is 
much different from the MG state observed in BSF in secondary structure contents. The 
results showed that asialofetuin at pH 1.8 retains ~ 45% secondary structure, as evident 
from far UV-CD spectra. The near -UV CD spectra showed almost complete loss of 
tertiary structure. The intrinsic fluorescence and acrylamide quenching of the lone 
tryptophan residue showed that in acid induced state, it is buried in the interior in a non-
polar environment. The temperature dependence of far-UV CD signal of asialofetuin at 
pH 1.8 exhibits a weak cooperative thermal transition. A significant increase in ANS 
fluorescence showed extensive solvent exposure of non-polar cluster. SEC indicates a 
slight increase in the hydrodynamic size of acid induced protein. results suggested that 
asialofetuin at pH 1.8 represents the molten globule like folding intermediate. Moreover 
our results showed that glycosylation might play a role in stabilization of secondary 
structure during acid and/or thermal denaturation. 
4"' chapter 
An intermediate state of lentil lectin was characterized at pH 1 having low content of 
secondary as well as tertiary structure. Far and near-UV CD spectroscopy showed loss of 
structure when pH was lowered from 7-0.8 but the structure loss was less than that of the 
protein in presence of 6M GndHCl. Intrinsic tryptophan fluorescence studies, ANS 
binding and acrylamide quenching experiments supported the existence of the 
intermediate at low pH. The unfolding process of lentil lectin at pH 1 was also studied by 
GndHCl denaturation monitored by intrinsic fluorescence spectroscopy. The non-
cooperative unfolding at pH 1 in contrast to cooperative unfolding of the native protein 
further confirmed the presence of loose tertiary structure. The unfolded structure of the 
lectin at pH 1 was also shown by limited tryptic digestion studies. Further studies were 
performed on this intermediate state of lentil lectin obtained at low pH in presence of 
fluoroalcohols TFE and HFIP. Lentil lectin is mainly a p-sheet protein, both TFE and 
HFIP stabilized the acid-unfolded structure by inducing a-helical contacts, interestingly, 
it was observed that induction of the non-native structure resulted in regain of protein 
activity to some extent. At pH 1 loss in activity was found with both dextran and 
bromelain while the reported intermediate at the given pH was found to regain activity 
with bromelain in presence of HFIP and TFE HFIP induced more structure as compared 
to TFE and hence a greater regain in activity of about 30% was observed with HFIP as 
compared to a 15% regain with TFE. Activity with dextran in presence of fluoroalcohols 
111 
could not be determined as turbidity developed in the corresponding blank preparation. 
Our results pointed out the possibility of the formation of a helical structure preceding the 
formation of the native p-sheet structure and thus support the non-hierarchical model of 
protein folding for lentil lectin. 
When pea lectin was exposed to a low pH range it was found that the secondary structure 
of the lectin resisted conformational changes to a large extent up to pH-2.4 and below this 
pH a sharp transition was observed which could be due to the presence of 27 acidic 
amino acid residues present in the protein. 
The effects of 1,1,1,3,3,3 hexafluoro-isopropanol (HFIP) and 2,2,2- Trifluoroethanol 
(TFE) on the conformation of pea lectin at pH 2.4 were studied using circular dichroism 
and fluorescence spectroscopy. Analysis varying the TFE concentration showed that up 
to 80% TFE (v/v) protein retained the residual p -Structure accompanied by a loss in 
tertiary structure. A similar conformation is presumed to exist at 4% HFIP (v/v), with 
increase in HFIP concentration structural rearrangements occurred and a transition from 
P-structure to a-helical structure started from 12% HFIP which completed at 30 % HFIP. 
Our studies showed occurrence of a common intermediate in the folding pathway of pea 
lectin induced by two different fluoroalcohols, which differ in their mode of action to 
stabilize the secondary structure of a given protein. While TFE was not found to induce 
any a-helical structure, HFIP caused the transition of pea lectin, which is predominantly a 
P-sheet protein, to a structure rich in a-helical contacts. Thus, our results again pointed 
out the possibility of a non-hierarchical model of protein folding in lectins. 
A molten globule like intermediate of Con-A was obtained when subjected to acid 
unfolding. At pH 2 the intermediate was found to have native like secondary structure, 
somewhat denatured tertiary structure and maximum ANS binding. Further the stability 
of this intermediate was studied in presence of fluoroalcohols (TFE and HFIP) and 
polyethylene glycols (PEG-400, 4000 and 20,000). Secondary structural changes were 
monitored by far-UV CD while alterations in the tertiary structure of the acid unfolded 
intermediate were probed by near-UV CD. To study the environment and position of the 
tryptophan residues present intrinsic fluorescence studies were performed. ANS binding 
studies were also made to know the extent of exposure of the hydrophobic patches. 
Using the above mentioned techniques it was found that in presence of fluoroalcohols the 
IV 
pH 2 intermediate was transformed to a state with predominant a-helical secondary and 
denatured tertiary structures. In the pathway of these transformations MG-like 
intermediates were formed at 10% TFE and 6% HFIP. 
5' chapter 
The compact intermediate of the pea lectin found to exist at pH 2.4 was treated with low 
(PEG-400), medium (PEG-4000) and high (PEG-20,000) molecular weight PEGs. The 
changes occurring in the secondary structure of the protein were monitored by CD 
spectropoiarimetry in the far-UV range, intrinsic fluorescence was used as a probe to 
observe the changes in the tertiary structure which is reflected by the changes in the 
tryptophan environment, further ANS binding studies were made to know the extent of 
exposure of the hydrophobic patches which is again indicative of the overall changes 
occurring in the tertiary structure of the protein. It was found that the three PEGs altered 
the secondary as well as tertiary structure of the pH 2.4 intermediate leading to the 
formation of three different intermediates. The intermediates were found to have non-
native secondary structure as well as non-native tertiary structure. The intermediate 
formed by the action of PEG-400 was due to the induction of secondary and tertiary 
structure while the intermediates formed under the influence of PEG-4000 and PEG-
20,000 were due to loss in secondary structure and rearrangement in tertiary structure. 
Also the ANS binding studies showed the absence of any MG or MG-like structures 
formed in the folding /unfolding pathway induced by PEGs. 
The folding intermediate of Con-A obtained at pH 2 underwent a series of 
conformational changes when exposed to different molecular weight PEGs. Secondary 
structure was induced by low molecular weight PEG-400 and low concentrations of PEG-
4000 and PEG-20,000 while at higher concentrations transition in structure was observed. 
Tertiary structure was stabilized only at low concentrations of PEG-400. PEG-4000 and 
PEG-20,000 in the whole concentration range resulted in the loss of tertiary structure. 
6* chapter 
Pea lectin was exposed to a pH range of 7-13. Secondary and tertiary structural changes 
that occurred were probed by far-UV CD and near-UV CD respectively. Tryptophan 
environment was monitored by intrinsic fluorescence studies. ANS binding studies were 
also made to detect the folding intermediates and to know the extent of exposure of the 
hydrophobic patches. It was observed that alkaHne-unfoiding resulted in an MG-like 
intermediate at pH 11. This intermediate was shown to possess native like secondary 
structure. It was also shown to retain native-like tertiary contacts to some extent. 
Structural stability of this alkaline unfolded MG-like state of pea lectin was studied in 
presence of HFIP (1,1,1,3,33-hexafluoroisopropanol). Addition of HFIP to the beta rich 
intermediate resulted in its transition to alpha helix dominated structure and in between 
the pathway of transition another intermediate state was formed in which the native like 
secondary structure was replaced by non-native structure and the tertiary structure, 
retained in the pH 11 induced state, was disrupted. This HFIP induced state was also 
found to have maximally exposed hydrophobic patches. Thermal studies showed that the 
MG-like state of the lectin induced by alkaline pH was more susceptible to thermal 
denaturation as compared to the native state and it became even more susceptible in 
presence of HFIP. 
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PREFACE 
Proteins are the workhorses of the body, taking on a wide variety of tasks. They fight 
infections, turn food into energy, copy DNA, as enzymes they make reactions go a 
million times faster, as versatile transport vehicles they carry oxygen. They do a 
thousand different jobs, and with no complaint. But before a protein can go to work, it 
must fold into the right shape. Scientists are still very interested in deciphering how 
proteins fold. Understanding the mechanism by which proteins fold up into unique 
three-dimensional architectures is a holy grail in molecular biology. While the nature of 
the fold is determined by the sequence, it is encoded in a very complicated manner. 
Thus, protein folding can be seen as a connection between the genome (sequence) and 
what the proteins actually do (their function). Folding and unfolding are crucial ways of 
regulating biological activity and targeting proteins to different cellular locations. 
Aggregation of misfolded proteins that escape the cellular quality-control mechanisms 
is a common feature of a wide range of highly debilitating and increasingly prevalent 
diseases. A complete understanding of protein folding requires the characterization of 
all species populated along the folding coordinate, including the unfolded state, partially 
folded intermediate states, and the fully folded native state. 
In our study we have carried out experiments to identify and characterize intermediate 
states of some lectins and glycoproteins under varying conditions such as acidic and 
alkaline pH and in presence of cosolvents such as fluoroalcohols and polyethylene 
glycols. 
The work has been compiled into six chapters. The first chapter deals with the basics 
of protein folding. The second chapter describes the experimental procedures and 
materials used in the study. Third chapter contains the effect of acidic pH on two 
glycoproteins fetuin and asialofetuin. Fourth chapter shows the effect of 
fluoroalcohols on the acid unfolded states of some lectins (lentil lectin, pea lectin and 
concanavalin-A). Fifth chapter deals with the effects of polyethylene glycols on pea 
lectin and Con-A. In the sixth chapter conformational changes occurring in pea lectin 
under alkaline condition have been discussed. 
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ABSTXACT 
ABSTRACT 
Solving the folding problem has enormous implications: exact drugs can be designed 
theoretically on a computer without a great deal of experimentation. Genetic engineering 
experiments to improve the function of particular proteins will be possible. Simulating 
protein folding can allow us to go forward with the modeling of the cell. If the protein 
folding problem were solved, the thousands and thousands of proteins that have been 
sequenced could have their structures deciphered almost overnight, revolutionizing our 
understanding of how proteins function. Of course it probably won't happen that way; the 
protein folding problem will probably be slowly chipped away at rather than solved in 
one fell swoop. 
Lectins from legume plants have been widely used as model systems to understand the 
molecular basis of how proteins recognize carbohydrates, because they are relatively easy 
to obtain and have a wide variety of sugar specificities. The many crystal structures of 
legume lectins have led to a detailed insight of the atomic interactions between 
carbohydrates and proteins. Also many lectins are important tools in biomedical research 
hence, there has been considerable interest in the investigation of their conformational 
properties. 
3'"'' chapter 
Bovine serum fetuin (BSF) is a glycoprotein abundant in calf serum. It is a protein found 
predominantly during fetal stage. Experiments with serum from calves of different ages 
have shown that the amount of this globulin has its highest value in newly born calves 
and decreases with time. It plays a vital role in development during fetal stages especially 
in brain development and also has homology with a-2 HS glycoprotein which is said to 
be its mammalian counterpart. So studies were carried out to prove the conformational 
alterations in the structure of this protein and its application to clinical biochemistry and 
its related protein a-2 HS glycoprotein. Fetuin (a-2-HS glycoprotein) has a role in 
postnatal bone growth and remodeling. It contributes to insulin resistance during normal 
pregnancy and gestational diabetes. It also regulates neonatal skeletal development. It 
has been shown that fetuin and various cytokines have a developmentally regulated 
appearance and expression in the developing neocortex. A short 19 amino acid sequence 
of fetuin shows a degree of homology to an 18 amino acid sequence of the transforming 
growth factors-beta (TGF-beta) type-II receptor and invitro fetuin binds to members of 
the TGF- beta family of cytokines. It has been suggested that fetuin is the biologically 
significant antagonist of these cytokines. Thus fetuin has a very important role in the 
overall development of the fetus. Any misfolding in this protein can have adverse effects 
on its functioning and its interaction with cells and other molecules leading to general 
development as well as brain development anomalies. Attempts can be made to correct 
the misfolding if the folding pathway is well understood. Effect of pH over a range of 
0.8-10 on bovine serum fetuin (BSF) was observed by far and near-UV CD spectroscopy, 
intrinsic tryptophan fluorescence and ANS fluorescence measurements. We have shown 
the presence of a molten globule form of fetuin at low pH. The far-UV CD spectra 
showed the regain of secondary structure at pH 1.8 as compared to the complete loss of 
secondary structure in presence of 6M GndHCl. Near-UV CD spectra showed disruption 
of tertiary structure at pH 1.8. Tryptophan fluorescence studies indicated that there is 
only a slight red shift in the wavelength emission maxima (kmax) of fetuin at low pH as 
compared to a significantly red-shifted spectrum of the completely unfolded state in 6M 
GndHCl indicating that the tryptophan environment of fetuin at low pH resembles more 
with the native form. ANS binding experiments also showed an enhancement in ANS 
binding with decrease in pH up to 1.8. ANS binding was absent at pH 7 and in presence 
of 6M GndHCl. Fluorescence quenching experiments were also performed with 
acrylamide, cesium chloride and potassium iodide. The quenching of tryptophan 
fluorescence by the three different quenchers indicates that low pH induces a 
conformational change in protein making the tryptophan residue less accessible to 
solvent. This suggested that a more compact structure exists at low pH. The results 
being in accordance with far-UV CD and fluorescence studies imply the presence of 
molten globule state of fetuin at low pH. As studied by fluorescence spectroscopy 
denaturation of fetuin at low pH was found to be reversible. 
Asialofetuin, the desyalylated form of fetuin was also studied and presence of a molten 
globule like partially folded intermediate at around pH 1.8 was shown to exist, which is 
much different from the MG state observed in BSF in secondary structure contents. The 
results showed that asialofetuin at pH 1.8 retains ~ 45% secondary structure, as evident 
from far UV-CD spectra. The near -UV CD spectra showed almost complete loss of 
tertiary structure. The intrinsic fluorescence and acrylamide quenching of the lone 
tryptophan residue showed that in acid induced state, it is buried in the interior in a non-
polar environment. The temperature dependence of far-UV CD signal of asialofetuin at 
pH 1.8 exhibits a weak cooperative thermal transition. A significant increase in ANS 
fluorescence showed extensive solvent exposure of non-polar cluster. SEC indicates a 
slight increase in the hydrodynamic size of acid induced protein, results suggested that 
asialofetuin at pH 1.8 represents the molten globule like folding intermediate. Moreover 
our results showed that glycosylation might play a role in stabilization of secondary 
structure during acid and/or thermal denaturation. 
4"' chapter 
An intermediate state of lentil lectin was characterized at pH 1 having low content of 
secondary as well as tertiary structure. Far and near-UV CD spectroscopy showed loss of 
structure when pH was lowered from 7-0.8 but the structure loss was less than that of the 
protein in presence of 6M GndHCI. Intrinsic tryptophan fluorescence studies, ANS 
binding and acrylamide quenching experiments supported the existence of the 
intermediate at low pH, The unfolding process of lentil lectin at pH 1 was also studied by 
GndHCI denaturation monitored by intrinsic fluorescence spectroscopy. The non-
cooperative unfolding at pH 1 in contrast to cooperative unfolding of the native protein 
further confirmed the presence of loose tertiary structure. The unfolded structure of the 
lectin at pH 1 was also shown by limited tryptic digestion studies. Further studies were 
performed on this intermediate state of lentil lectin obtained at low pH in presence of 
fluoroalcohols TFE and HFIP. Lentil lectin is mainly a P-sheet protein, both TFE and 
HFIP stabilized the acid-unfolded structure by inducing a-helical contacts, interestingly, 
it was observed that induction of the non-native structure resulted in regain of protein 
activity to some extent. At pH 1 loss in activity was found with both dextran and 
bromelain while the reported intermediate at the given pH was found to regain activity 
with bromelain in presence of HFIP and TFE HFIP induced more structure as compared 
to TFE and hence a greater regain in activity of about 30% was observed with HFIP as 
compared to a 15% regain with TFE. Activity with dextran in presence of fluoroalcohols 
ni 
could not be determined as turbidity developed in the corresponding blank preparation. 
Our results pointed out the possibility of the formation of a helical structure preceding the 
formation of the native p-sheet structure and thus support the non-hierarchical model of 
protein folding for lentil lectin. 
When pea lectin was exposed to a low pH range it was found that the secondary structure 
of the lectin resisted conformational changes to a large extent up to pH-2.4 and below this 
pH a sharp transition was observed which could be due to the presence of 27 acidic 
amino acid residues present in the protein. 
The effects of 1,1,1,3,3,3 hexafluoro-isopropanol (HFIP) and 2,2,2- Trifluoroethanol 
(TFE) on the conformation of pea lectin at pH 2.4 were studied using circular dichroism 
and fluorescence spectroscopy. Analysis varying the TFE concentration showed that up 
to 80% TFE (v/v) protein retained the residual P -Structure accompanied by a loss in 
tertiary structure. A similar conformation is presumed to exist at 4% HFIP (v/v), with 
increase in HFIP concentration structural rearrangements occurred and a transition from 
P-structure to a-helical structure started from 12% HFIP which completed at 30 % HFIP. 
Our studies showed occurrence of a common intermediate in the folding pathway of pea 
lectin induced by two different fluoroalcohols, which differ in their mode of action to 
stabilize the secondary structure of a given protein. While TFE was not found to induce 
any a-helical structure, HFIP caused the transition of pea lectin, which is predominantly a 
P-sheet protein, to a structure rich in a-helical contacts. Thus, our results again pointed 
out the possibility of a non-hierarchical model of protein folding in lectins. 
A molten globule like intermediate of Con-A was obtained when subjected to acid 
unfolding. At pH 2 the Intermediate was found to have native like secondary structure, 
somewhat denatured tertiary structure and maximum ANS binding. Further the stability 
of this Intermediate was studied in presence of fluoroalcohols (TFE and HFIP) and 
polyethylene glycols (PEG-400, 4000 and 20,000). Secondary structural changes were 
monitored by far-UV CD while alterations in the tertiary structure of the acid unfolded 
intermediate were probed by near-UV CD. To study the environment and position of the 
tryptophan residues present intrinsic fluorescence studies were performed. ANS binding 
studies were also made to know the extent of exposure of the hydrophobic patches. 
Using the above mentioned techniques it was found that in presence of fluoroalcohols the 
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pH 2 intermediate was transformed to a state witii predominant a-helicai secondary and 
denatured tertiary structures. In tlie pathway of these transformations MG-like 
intermediates were formed at 10% TFE and 6% HFIP. 
5"" chapter 
The compact intermediate of the pea lectin found to exist at pH 2.4 was treated with low 
(PEG-400), medium (PEG-4000) and high (PEG-20,000) molecular weight PEGs. The 
changes occurring in the secondary structure of the protein were monitored by CD 
spectropolarimetry in the far-UV range, intrinsic fluorescence was used as a probe to 
observe the changes in the tertiary structure which is reflected by the changes in the 
tryptophan environment, further ANS binding studies were made to know the extent of 
exposure of the hydrophobic patches which is again indicative of the overall changes 
occurring in the tertiary structure of the protein. It was found that the three PEGs altered 
the secondary as well as tertiary structure of the pH 2.4 intermediate leading to the 
formation of three different intermediates. The intermediates were found to have non-
native secondary structure as well as non-native tertiary structure. The intermediate 
formed by the action of PEG-400 was due to the induction of secondary and tertiary 
structure while the intermediates formed under the influence of PEG-4000 and PEG-
20,000 were due to loss in secondary structure and rearrangement in tertiary structure. 
• Also the ANS binding studies showed the absence of any MG or MG-like structures 
formed in the folding /unfolding pathway induced by PEGs. 
The folding intermediate of Con-A obtained at pH 2 underwent a series of 
conformational changes when exposed to different molecular weight PEGs. Secondary 
structure was induced by low molecular weight PEG-400 and low concentrations of PEG-
4000 and PEG-20,000 while at higher concentrations transition in structure was observed. 
Tertiary structure was stabilized only at low concentrations of PEG-400. PEG-4000 and 
PEG-20,000 in the whole concentration range resulted in the loss of tertiary structure. 
6'" chapter 
Pea lectin was exposed to a pH range of 7-13. Secondary and tertiary structural changes 
that occurred were probed by far-UV CD and near-UV CD respectively. Tryptophan 
environment was monitored by intrinsic fluorescence studies. ANS binding studies were 
also made to detect the folding intermediates and to know the extent of exposure of the 
hydrophobic patches. It was observed that alkaline-unfolding resulted in an MG-like 
intermediate at pH II. This intermediate was shown to possess native like secondary 
structure. It was also shown to retain native-like tertiary contacts to some extent. 
Structural stability of this alkaline unfolded MG-like state of pea lectin was studied in 
presence of HFIP (1,1,1,3.3,3-hexafluoroisopropanol). Addition of HFIP to the beta rich 
intermediate resulted in its transition to alpha helix dominated structure and in between 
the pathway of transition another intermediate state was formed in which the native like 
secondary structure was replaced by non-native structure and the tertiary structure, 
retained in the pH 11 induced state, was disrupted. This HFIP induced state was also 
found to have maximally exposed hydrophobic patches. Thermal studies showed that the 
MG-like state of the lectin induced by alkaline pH was more susceptible to thermal 
denaturation as compared to the native state and it became even more susceptible in 
presence of HFIP. 
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h 
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b cm 
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microlitre 
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nanometer 
millimeter 
centimeter 
degree centigrade 
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mean residue ellipticity 
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CONCENTRATIONS 
M 
mM 
v/v 
w/v 
SYMBOLS 
a 
P 
e 
I 
molar 
millimoiar 
volume by volume 
weight by volume 
alpha 
beta 
theta 
lambda 
MISCELLANEOUS 
Con-A 
BSF 
RFl 
CD 
UV 
MG 
Mr 
GndHCl 
n 
MRW 
Ksv 
TFE 
HFIP 
PEG 
ANS 
Trp 
Tyr 
equal to 
approximately 
concanavalin- A 
bovine serum fetuin 
relative fluorescence intensity 
circular dichroism 
ultra violet 
molten globule 
molecular weight 
guanidine hydrochloride 
number of amino acids 
mean residue weight 
Stern-Volmer constant 
2,2,2-trifluoroethanol 
1,1,3,3,3 hexafluoroisopropanol 
polyethylene glycol 
l-anilino-8-naphthalene sulphonic acid 
tryptophan 
tyrosine 
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Introduction 
K 
1.1 Introduction 
The word protein was first coined in 1838 to emphasize the importance of this class of 
molecules. The word is derived from the Greek wordproteios which means "of the first 
rank, -» 
Proteins are the basic unit of life, and an understanding of their structure and ftinction is 
necessary to understand how life works. The chemical alphabet of 20 characters, strung 
like beads on a chain along the peptide backbone of a newborn protein, carries a blueprint 
that specifies the protein's mature folded shape. 
From genotne: 
... ACU UUC CGU AAC... 
To protein sequence: aitlino 
...THR PHE ARG ASN "^''^ 
iwwy 
state 
To protein structure and hinction 
Within a matter of seconds — or less — after rolling off the protein assembly line (in the 
cellular ribosome), the stretched-out chain wraps into a bundle, with twists and turns, 
helices, sheets and other 3D features. For proteins, function follows from form — the 
grooves and crevices of its complex folds are what allow it to latch onto other molecules 
and carry out its biological role. Protein folding is vital for a living organism because it 
adds flesh to the gene skeleton. For this, very efficient folding pathways and clever 
mechanisms have evolved. A small error in the folding process results in a misfolded 
structure, which can sometimes be lethal [1-3]. Only recently we have begun to 
understand how the conformationally disperse polypeptide chain can so rapidly and 
efficiently rearrange to attain the unique native conformation [4, 5-10]. A prerequisite for 
this insight is the high kinetic [11-21] and structural [22-33] resolution of the folding 
pathways. Different conformations of a protein differ only in the angle of rotation about 
the bonds of the backbone and amino acid side-chains. It may, therefore, appear 
surprising that a protein folds into a single unique conformation from all the possible 
rotational conformations available around single bonds in the primary structure of a 
protein. 
1.2 (Protein structure 
1.2.1 Four levels of Organization of Protein Structure: 
1.2.1.1 Primary Structure refers to the linear sequence of amino acids that make up the 
polypeptide chain. This sequence is determined by the genetic code, the sequence of 
nucleotide bases in the DNA. The bond between two amino acids is a peptide bond. This 
bond is formed by the removal of a H2O molecule from two different amino acids, 
forming a peptide. The sequence of amino acids determines the positioning of the 
different side groups. This positioning therefore determines the way that the protein folds 
and the final structure of the molecule. 
1.2.1.2 Secondary structure of protein molecules refers to the formation of a regular 
pattern of twists or kinks of the polypeptide chain. The regularity is due to hydrogen 
bonds forming between the atoms of the amino acid backbone of the polypeptide chain. 
The two most common types of secondary structure are called the alpha helix and B-
pleated sheet. 
> Alpha helices 
Alpha helices are the most well known element of protein structure, proposed by Pauling 
and confirmed in the first structure determined, myoglobin, alpha-helices have distinctive 
patterns of hydrogen bonding and phi-psi angles. They are generally between 5 and 20 
residues in length, but some proteins and coiled-coll structures can be considerably 
longer. The carboxyl groups of the backbone hydrogen bond to the amino group of a 
residue four amino acids distant along the chain. Alpha helices generally have a pitch of 
about 3.5 residues per turn, but there are forms of helices with tighter (3 residues per 
turn) and longer (4 residues per turn). Alpha helices can be coiled about themselves in 
both two coil, three coil and four coil (four helix bundle) conformations. Alpha helices 
can exist internal in proteins (generally hydrophobic), on the surface of proteins 
(amphipathic) or in membranes (hydrophobic). Alpha helices can span membranes either 
singly or in groups. 
^ f ^ c ^ . 
H ° 
•^ .y 
o <- II 
o 
Right-handed a helix 
> Beta-Strands 
Beta-strands are an extended form in which the side chains alternate on either side of the 
extended chain. The backbones of beta-strands hydrogen bond with the backbone of an 
adjacent beta strand to form a beta-sheet structure. The strands in a beta sheet can be 
either parallel or anti-parallel and the hydrogen-bonding pattern is different between the 
two forms. Anti-parallel beta stands are often linked by short loops containing 3-5 
residues in highly characteristic conformations. Longer loops are occasionally found 
where the loop plays an important role in substrate binding or an active site. The antigen-
combining site of the immunoglobulins is an important example of this. Beta sheets can 
be internal to a protein (largely hydrophobic) or on the surface in which case they are 
amphipathic, with every other amino acid side chain alternating between hydrophobic 
and hydrophilic nature. 
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> Super secondary structure 
Rao and Rossmann, 1973 [34] observed that there were structural components 
comprising a few alpha-helices or beta-strands which were frequently repeated within 
structures, called "supersecondary structures" (being intermediate to secondary and 
tertiary structure) and suggested that these structures might be due to convergence. A 
variety of recurring structures were subsequently recognized such as the "Greek key" 
[35]. Some of these structural motifs can be associated with a particular function whilst 
others have no specific biological function alone but are part of larger structural and 
functional assemblies. The first comprehensive attempt to classify proteins on the basis of 
structural comparisons was due to Levitt and Chothia, 1976 [36] who used four major 
classifications: 
a). Proteins containing mostly alpha-helix; 
b). Proteins containing mostly beta-sheet; 
c). Proteins that contain alpha-helices and beta-strands in an irregular sequence, and 
alpha/beta proteins with alternate segments of alpha-helices and beta-strands. 
The simplest motif with a specific function consists of two alpha-helices joined by a loop 
region. Two such motifs are (i) a motif specific for DNA binding and (ii) a motif specific 
for calcium binding and is present in parvalbumin, calmodulin, troponin-C, and other 
proteins that bind calcium and thereby regulate cellular activities. 
1.2.1.3 Tertiary structure 
Even though the secondary structure arrangement is made to satisfy as many hydrogen 
bonds as possible there will still be unpaired N-H and C=0 groups in the polypeptide 
chain. In addition there will also be a great deal of hydrophobic side chains pointing out 
into the aqueous environment making an unfavorable contribution to the energetics of 
the system. Proteins have solved this problem by creating a third layer of structure, 
tertiary structure. When a protein folds to its tertiary structure it buries approximately 
83% of its most non-polar side chains and 82% of the peptide groups. The interior is 
tightly packed and closer to a solid than liquid phase. The tight packing of the core is 
thought to give a considerable contribution to protein stability. Left on the surface of the 
protein are the majority of the polar and charged side chains. The latter are very 
important for protein solubility. When the size of proteins increases the portion of buried 
charged amino acids also increases. This is thought to be used as a way for nature to keep 
the stability of proteins within a biological safe range. Another useful feature of tertiary 
structure is that it can solve the problem of unpaired hydrogen bond partners at the edge 
of P-sheets by turning the sheet around creating a so called beta barrel, a common motif 
in proteins. Tertiary structures are designed to facilitate the function of a particular 
protein. The demand on stability, flexibility and dynamics varies depending on the task 
the macromolecule is facing; enzymatic, transport, structural etc. 
1.2.1.4 Quaternary structure 
Quaternary structure refers to the fact that some proteins contain more than one 
polypeptide chain, adding an additional level of structural organization: the association of 
the polypeptide chains. Proteins with more than one polypeptide chain are said to be 
oligomeric, and the individual chains are called subunits or monomers of the oligomer. 
The subunits can be the same polypeptide chain or different ones. For example, the 
enzyme B-galactosidase is a tetramer, meaning that it is composed of four subunits, and, 
in this case, the subunits are identical - each polypeptide chain has the same sequence of 
amino acids. Hemoglobin, the oxygen carrying protein in the blood, is also a tetramer but 
it is composed of two polypeptide chains of one type (141 amino acids) and two of a 
different type (146 amino acids). In chemical shorthand, this is referred to as a2P2. 
The forces that stabilize a quaternary structure are much the same as those that stabilize 
the secondary & tertiary structure i.e. the non-covalent interactions, and most important 
in this case is the tendency for hydrophobic groups to combine so as to exclude water. 
If a polypeptide chain has a face or region that is largely hydrophobic then the two faces 
tend to attract each other, in order to exclude water from both faces e.g. liver alcohol 
dehydrogenase is a dimer with two identical subunits. The tertiary structure has a pleated 
sheet core (through centre), and when it forms a dimer, the two subunits stack back to 
back on each other in such a way that the pleated sheet is continued from one subunit to 
the other. The subunits are joined not only by association of the hydrophobic regions, but 
also by the H-bonding that now creates a continuous pleated sheet through both of the 
subunits. 
Advantages of Quaternary association in proteins 
Multiple subunits provide greater flexibility of activity e.g. haemoglobin (Hb) and many 
enzymes show cooperativity. In the case of tetrameric Hb one subunit binds oxygen then 
stimulates neighbour subunits to bind oxygen more readily and so on through the 4 
subunits so the subunits cooperate to ensure rapid and effective binding of oxygen. 
If there were no cooperativity then it is likely that competition between the subunits for 
binding oxygen would be overall less efficient. Cooperativity is mediated through 
intersubunit contacts. 
Also subunits provide an advantage in regulation of protein activity. In proteins and 
enzymes containing identical subunits it is found that the subunits contain special sites 
called allosteric sites located away from the active site of the enzyme or protein. 
Allosteric sites bind small molecules such as sugars, nucleotides etc., and these cause 
intersubunit changes in shape that regulate the activity at the active site so giving a fine 
control over the biological activity. Not all enzymes or proteins have allosteric sites, 
many do not e.g. lactate dehydrogenase (LDH) is a tetramer, and has no known 
mechanisms of regulation. 
Lastly there is a genetic advantage in having oligomeric structure. The four protein 
subunits of a tetramer will be coded by four different genes. If an error occurs in DNA 
transcription or RNA translation producing faulty copies of one of the subunits, then 
provided some correct copies have been produced elsewhere of the other three other 
subunits, there is not a total loss of protein activity only a partial loss, which may be 
enough for survival. 
If one gene produced one polypeptide chain, and a mutation produced an error in the 
DNA then all copies of the subsequent protein would be faulty. If the protein is vital then 
the mutation may be fatal. So oligomeric structures may be important in survival. 
Primary protein structure 
IS sequence of a chain of amino acids 
Amino Acids 
Alpha helix 
Secondary protein structure 
occurs when the sequence of amino 
acids are linked by hydrogen bonds 
Pleated sheel 
Tertiaiy protein structure 
occurs when certain attractions are present 
Alpha he»ix between alpha helices and pleated sheets 
Quaternary protein structure 
is a protein consisting of more than one 
amino acid chain 
1.2.2 Forces stabilizing protein structure: 
1.2.2.1 Noncovalent Interactions 
Non-covalent forces are weak forces of bonding strength of l-7kcal mo!'' (4-29kJ mo!'') 
as compared to the strength of covalent bonds which have a bonding strength of at least 
50 kcal mol''. The non-covalent bonding forces are just higher than the average kinetic 
energy of molecules at 37°C (0.6 kcal mol"'). Apart from their involvement in the 
stabilization of molecules, they contribute to the ability of molecules to undergo changes 
in conformation and interact with each other. An explanation of the forces involved is 
crucial for an understanding of the mechanisms at the molecular level. The major forces 
and interactions are: 
> Dipole-dipole interactions 
Dipole-dipole interactions are stronger intermolecular forces than dispersion forces 
occurring between molecules that have permanent net dipoles (polar molecules), for 
example, dipole-dipole interactions occur between SCb molecules, PCI3 molecules and 
CH3CI molecules. The partial positive charge on one molecule is electrostatically 
attracted to the partial negative charge on a neighboring molecule. 
> Hydrogen bonds 
Hydrogen bonding is a special form of dipole - dipole attraction. When H is attached to a 
very electronegative atom X, the interaction between other molecules and the H - X bond 
dipole is significantly greater than expected for ordinary dipole - dipole attraction. This 
interaction is called hydrogen bonding because it occurs only when H is part of one or 
both of the interacting dipoles. The electronegativities of N (3.0), O (3.5), and F (4.0) are 
among the highest of all of the elements, while that of H (2.1) is considerably less [37]. 
H-bonds are directional and their strength deteriorates dramatically as the angle changes. 
Hydrogen bonds do not, in general, contribute to the net stabilization energy of proteins 
because the same groups that hydrogen bond to each other in a native protein structure, 
can hydrogen bond to water in the denatured state. However, hydrogen bonds are 
extremely important because of their directionality, they can control and limit the 
geometry of the interactions between side-chains. This is shown most dramatically in 
patterns of hydrogen bonding between the carboxyl groups and the amino groups in the 
peptide backbone that give rise to alpha helix and beta strand conformations. 
> Salt-bridges 
The term salt bridge or salt bond denotes a relatively weak ionic bond between positively 
and negatively charged side-chains of proteins. Salt bridges contribute to the stability of 
protein structure 
> Van der Waals forces 
These noncovalent forces result from the attraction of one atoms nucleus for the electrons 
of another atom in a non-covalent form (no sharing of orbitals). These forces are much 
weaker than covalent interactions and the interaction distances are much longer than 
covalent bonds and much shorter than the other non-covalent interactions. Van der Waals 
interactions occur at distances between 3 and 4 A. They are very weak beyond 5 A and 
electron repulsion prevents atoms from getting much closer than 3 A. Van der Waals 
interactions are non-directional and very weak. However, significant energy of 
stabilization can be obtained in the central hydrophobic core of proteins by the additive 
effect of many such interactions. 
> Hydrophobic effect 
The hydrophobic interaction plays a central role in: 
I many surface phenomena 
i molecular self-assembly 
I micelle formation 
I biological membrane structure 
I determining the conformations of proteins 
I in protein-protein interaction and gelation. 
The presence of hydrophobic side chains in aqueous solution induces the formation of 
structured water (clathrate cages of water molecule form, like miniature ice crystals about 
the hydrophobic side chains). This reduction in entropy of the water molecules is a very 
unfavorable resulting in a strong force to keep hydrophobic side chains buried in the 
interior of the protein. The hydrophobic force is one of the largest determinants of protein 
structure. A typical protein would contain a few salt-bridges, several hundred hydrogen 
bonds and several thousand van der Waals interactions. 
1.2.2.2 Covalent Interactions 
When two or more atoms come together to form a molecule, as when two hydrogen 
atoms and one oxygen atom combine to form a water molecule, the forces that tightly 
bind the atoms together within the molecule are called covalent forces, and the inter-
atomic bonds formed are called covalent bonds. Covalent forces are short range, that is, 
they operate over very short distances of the order of Inter-atomic separations (0.1 - 0.2 
nm) and tend to decrease in strength with increasing bond length. In a covalent bond 
electrons are shared between two or more atoms so that the discrete nature of the atoms is 
lost. Depending on the position an atom (or element) occupies in the periodic table, it can 
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participate in a certain number of covalent bonds witli other atoms. This number or 
stoichiometry is known as the atomic valency. A further characteristic of covalent bonds 
is their directionality, that is, they are directed or oriented at well-defined angles relative 
to each other. There are two types of covalent bonds in proteins, the peptide bond and the 
disulphide bond. Disulphide bonds occur between the sulphurs of two cysteine side 
chains. They predominantly occur in extracellular proteins and are part of the primary 
structure. Inside the cell the sulphydryl is maintained in a reduced state by glutathione, 
but extracellularly, in the presence of oxygen, thiols are unstable relative to S-S bridges 
[38], Although the disulphides are part of the primary structure, it has been shown that 
some native S-S bridges are only formed once the secondary and even tertiary structure 
of the protein has been achieved [39]. In extracellular proteins of known sequence, which 
contain disulphides, there is rarely more than one free -SH group. Ovalbumin, with one 
S-S and four cysteines, was the only extracellular exception found [40]. Sulphydryls are 
very re'active in an extracellular environment and readily oxidize to form disulphides. 
Consequently if a cysteine is external this may lead to disastrous polymerization or make 
folding more complex. 
1.3 Theories of protein folding 
1.3.1 Random search and the Levinthal paradox 
The so called Levinthal paradox [41] is traditionally invoked to explain why the protein 
folding problem is so challenging. The initial stages of folding must be nearly random, 
but if the entire process was a random search it would require too much time. Consider a 
100-residue protein. If each residue is considered to have just 3 possible conformations 
the total number of conformations of the protein is 3'°°. Conformational changes occur on 
a time scale of 10"'^  seconds i.e. the time required to sample all possible conformations 
would be 3'°° x 10''^ seconds which is about lO" years. Even if a significant proportion 
of these conformations are sterically disallowed the folding time would still be 
astronomical. Proteins are known to fold on a time scale of seconds to minutes and hence 
energy barriers probably cause the protein to fold along a definite pathway. The number 
of conformations of proteins in the unfolded state is so astronomically large [4], that at 
first glance, one would hardly expect that many small proteins may fold into the unique 
native conformation in less tlian 1 second, and a few in even less than 1 millisecond. 
Different models have been established to explain the surprisingly high speed of protein 
folding. 
1.3.2 N-terminal folding 
Folding in vivo may start as the protein is being synthesized. However some proteins 
have their C-terminal ends buried in the final structure, which is somewhat incompatible 
with this theory. 
1.3.3 The nucleation-growth model 
The nucleation-growth mechanism of protein folding was for the first time explicitly 
considered in the paper of Shakhnovich and his collaborators [42]. According to this 
model one or more critical kinetic nuclei are formed, around which the rest of the 
structure grows [43]. The folding starts from an unfolded chain, which fluctuates for a 
long time without the formation of a substantial part of the native contacts. Then 
occasionally a chain achieves the state in which a definite set of native contacts is 
formed. After the folding reaches this point it comes very fast to the end-to the formation 
of the "native" structure. Thus, the rate-limiting step of the folding on these chains is the 
formation of the initial complex of native contacts ("folding nucleus"), which instantly 
grows up embracing the whole molecule. It is important to emphasize that a folding 
nucleus is not identical with the transition state (i.e., with a barrier between unfolded and 
folded states). In fact, there is a family of transition states while the folding nucleus is the 
common part of all these states. The folding nucleus consists of the most conserved non-
functional residues. It opens the possibility to predict the folding nucleus by analysis of 
large protein families with well diverged sequences but similar 3D-structures. 
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1.3.4 Hydrophobic collapse 
The hydrophobic collapse model, [44] the hydrophobic effect is considered to be the 
driving force for folding, squeezing out water in a nonspecific manner, and the 
subsequent rearrangement of the collapsed state is the rate limiting step. This model 
predicts an intermediate state that has been called molten globule, which has been 
characterized both kinetically and at equilibrium as an expanded form of the native state 
[45,46]. The protein a-lactalbumin forms a molten globule state at low pH known as the 
A-form. NMR has shown that the A-form contains at least 2 of the helices present in the 
native form and similar intermediates form during folding. 
1.3.5 Nucleation condensation mechanism 
Folding times [4] which are in good agreement with those observed in experiments on 
small proteins were provided by the nucleation-condensation mechanism [5, 47-49], 
which largely unifies the classical nucleation-growth mechanism with the hydrophobic 
collapse model. In contrast to the well-defined protein-folding nucleus in the nucleation-
growth mechanism [43], the folding nucleus of the nucleation-condensation mechanism 
is diffuse and initially consists of several neighboring amino acid residues whose 
conformations are stabilized by long-range interactions with residues that are remote in 
sequence. An essential component of this mechanism is the concurrent formation of 
secondary and tertiary structures [5, 47, 49, 50,51]. 
1.3.6 The Framework model 
Framework model, [52] envisages the formation of secondary structure elements followed 
by the docking of those elements to form tertiary interactions in the rate limiting step. The 
framework hypothesis was boosted when it was found that protein fragments 
corresponding to secondary structure elements could be partly folded in the absence of 
tertiary interactions [53,54]. Folding begins by formation of 'flickering clusters' of 
secondary structure elements which are stabilized by packing together leading to complex 
tertiary structures [55-57]. One problem with this theory is that peptides do not generally 
form stable secondary structures in solution. The highest equilibrium constant for a coil-
to-helix transition is 1.3 for poly-L-alanine. Studies on poly-L-glutamate showed that the 
13 
time scale for a -helix formation is ~ 10"'' seconds i.e. rapid on the time scale of folding. 
Early experiments in which fragments of proteins were tested for a -helix formation 
proved negative. However, it was recently found that a peptide fragment of ribonuclease 
A (C-peptide; 13 residues) forms a stable a -helix. This is probably due to specific side 
chain interactions seen in the crystal structure of ribonuclease A. NMR has been used to 
demonstrate framework intermediates early in the folding of several proteins. This 
technique involves refolding the protein in D2O using rapid-reaction techniques and relies 
on the fact that H and D nuclei can be distinguished by NMR. Initially the protein is 
denatured in D2O which will cause all of the main chain >N-H groups to exchange their 
H atoms with D2O, i.e. they become >N-D. A sample is rapidly transferred to a refolding 
buffer and a pulse of H2O is added after a certain time interval. H-D exchange is then 
quenched by transfer to low pH, folding is allowed to complete and the final NMR 
spectrum is recorded. Repeating the experiment with the H2O pulse at different time 
intervals after the initiation of folding makes it possible to detect which residues are 
buried at different stages of folding. Residues which are exposed at the time of the H2O 
pulse will exchange their main chain >N-D groups for hydrogen (from the H2O) and this 
can be detected in the final NMR spectrum. In contrast, those residues buried in the 
folding intermediate cannot exchange rapidly and their hydrogen NMR signals will be 
absent from the final spectrum. This technique has shown that residues involved in the P-
sheet of ribonuclease form hydrogen bonds early in folding (1.5 seconds out of 10 min 
refolding time). Similarly, residues of the amino and carboxy terminal helices of 
cytochrome c fold early. These helices interact via a hydrophobic patch indicating that 
helix contact may occur as an early event. 
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1.3.7 Energy landscape and funnel theory 
The term "new view" stresses the possibility of a diverse "myriad of pathways" with 
"delocalized" transition states. The central feature of the new view is the replacement of 
the pathway concept with picturesque funnel diagrams to illustrate features of protein 
folding and the role of ensembles [58, 59]. In this view, energy landscapes are used to 
describe the kinetics and thermodynamics of the folding reaction. These landscapes are 
funnel-shaped, with slopes displaying varying degrees of roughness [58, 60]. 
The drive for a protein to fold to its native state originates from a strong slope of the 
energy landscape toward native conformations. However, the roughness of the energy 
landscape could render the folding reaction less effective, a phenomenon called 
frustration, the concept of frustration reflects the inability of a protein to energetically 
satisfy all its interactions in any given conformation. Frustration in protein folding 
landscape arises both from topological and sequence specific energetical traps inclining 
proteins to accumulate intermediates during folding, rendering the process less efficient 
[61]. The most stable state is then the structure maximizing the fraction of attractive 
interactions, which is the minimally frustrated structure. Given a set of coordinates 
describing the dependence on energy of a conformation, the free energy of the solvated 
protein as function of these coordinates defines a hypersurface, or energy landscape. A 
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conformational transition of the protein, like the folding event, is then given by a specific 
trajectory or bundle of trajectories on this energy landscape. A smooth energy landscape 
allows rapid transitions, whereas a rugged energy surface has kinetic traps, which slow 
down folding. Frustration is associated with a rugged energy landscape. 
The picture offered by the Levinthal paradox is, in terms of landscape, a flat energy 
surface with a single narrow absolute minimum representing the native state, similarly to 
a golf course with a single hole. A random search through the flat surface, without any 
bias, would be successful in finite time only with an extremely low probability. A 
different extreme is represented by a rugged landscape with many maxima and minima 
without a preferred conformation: this would be the case of a random heteropolymer. The 
energy landscape of a folding protein is described as a rugged surface sloped down from 
all directions into a global minimum, representing the native state. It is explicitly 
assumed that there is a kinetic flow through a series of states that are progressively lower 
in energy. At the top of the funnel the protein exists in a number of random states that 
have relatively high entropy and high enthalpy. Progress down the funnel is given by 
collapse and reconfiguration. The reconfiguration occurs as a motion through adjacent, 
thus geometrically similar, conformations, by a Brownian-like motion. The acquisition of 
native structure reduces the free energy and drives the protein towards the bottom of the 
funnel, while enthalpy is progressively reduced. The driving force is working against 
entropy, which decreases simultaneously with entropy. 
The progress of folding can be described by the parameter Qi, the fraction of native 
contacts in the state /: 
Qi=Cii)/C(n) 
where C(«) is the number of contacts formed by residue pairs in the native state and C(;) 
is the number of such contacts conserved in state /. The molten globule state is rather 
compact but still highly non-native. The transition state is located at a higher value of Qi, 
thus closer to the native structure. If Q does not increase uniformly, but in few large 
steps, then the protein folding occurs through nucleation. After passing through the 
transition state, there is a single low energy state corresponding to the native 
conformation. This drives the protein to fold completely, while the absence of other 
relevant minima prevents from misfolding. 
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1.0 
Protein Folding Landscape: One View from Ken Dill 
The folding funnel. The height of the funnel represents enthalpy, which decreases going 
downhill (here referred to as energy, left arrow). The width of the funnel represents 
entropy. On the right the decrease of the fraction of native contacts Q is given by an arrow. 
The molten globule represents a compact denatured state. It is separated from the native 
state by an energy gap which guarantees the stability of the native structure. 
1.4 ImpCications of protein foCcCing studks 
I Although techniques like X-ray crystallography and NMR are used for determination of 
three-dimensional structures of biological macromolecules but these studies are not 
enough to predict the structure of proteins. Folding studies are a prerequisite to 
understand the structure-function relationships of proteins. The challenge of the protein-
folding problem is to have the ability to predict protein structure more accurately. To be 
able to predict the structure of the protein from just the amino-acid sequence would have 
tremendous impact in all of biotechnology and drug design. 
I Solving the folding problem has enormous implications exact drugs can be designed 
theoretically on a computer without a great deal of experimentation. For the 
pharmaceutical industry, this holds the prospects of greatly reducing the cost and expense 
of developing new therapeutic drugs. 
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I Genetic engineering experiments to improve the function of particular proteins will be 
possible. One of the major areas of study these days is designing proteins with novel 
biological function and for this purpose one should know how each amino acid 
contributes to the structure and native fold. Modification of proteins can also be carried 
out by altering the primary sequence and seeing the consequent effect on the structure 
and folding. Expression of recombinant genes leads to the production of inclusion bodies 
that are insoluble and inactive forms of expressed protein. These proteins have to be 
made active for which protein folding studies are required. 
I The process of protein folding is remarkably efficient, but sometimes it can go wrong. 
This can have harmful consequences, as the incorrect folding of proteins is thought to be 
the cause of diseases, such as Alzheimer's disease and cancer. Protein folding studies 
help in better understanding of such diseases caused due to aggregation and misfolding of 
the native functional protein into an inactive disease causing form. 
Formation of amyloid fibrils causes disorders such as scurvy, cystic fibrosis etc. The 
amyloid and prion diseases appear to result from conversion of one of the soluble and 
functional proteins into P-sheet rich quaternary structures that are often fibrillar and this 
occurs at low pH or under denaturing conditions. Protein folding studies also help to 
understand how some human proteins undergo conformational changes that render them 
pathogenic. 
1.5 (ProtdnfoQfing cfiseases 
Protein folding diseases can be divided into two groups: in the first, excessive quantities 
of wrongly folded proteins collect in the form of uncontrolled piles of molecular rubbish. 
This is the group of diseases known as amyloidoses, of which Alzheimer's disease is the 
best-known example. In the other, a small error in the genetic blueprint leads to 
incomplete folding of a protein, which affects its function. This might, for instance, 
happen to p53 the malfunctioning of this central tumor suppressor could cause cancer. 
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1.5.1 Amyloidoses 
The common characteristic of all amyloidoses is the collection of plaques of insoluble 
protein in the extracellular tissue, which cannot be broken down by enzymes. Their 
ordered structure gives them crystal-like properties: they are made up of long filaments 
(fibrils) that are formed from densely packed p-pleated sheets of identical proteins. There 
are about 20 different proteins that can act as the building blocks of these fibrils, each of 
which is associated with a different disease. 
In so-called systemic amyloidoses, the precursors of these plaques are transported 
through the bloodstream from their point of origin to their point of deposition. Localized 
amyloidoses are of greater clinical significance, as they mainly affect the central nervous 
system, the extracellular tissue of which is particularly susceptible to damage. 
1.5.2 Alzheimer's disease 
One of the main characteristics of Alzheimer's disease is the accumulation of plaques of 
insoluble P -amyloid in the brain. It is still not certain whether these plaques are a cause 
or a consequence of the disease, but there is a lot of evidence for the former being the 
case. The p -amyloid plaques are formed by cleavage of amyloid-precursor protein (APP) 
by two different enzymatic activities, which release amyloid-b peptide fragments that are 
40 or 42 amino acids long. These then form fibrils, which aggregate into insoluble 
clumps of P -amyloid plaques that surround neurons and might cause damage. But this 
cleavage also occurs in healthy individuals and soluble p -amyloid proteins are normal 
constituents of brain tissue. 
How, then, do the plaques form in Alzheimer's patients? It is thought that the misfolding 
of the protein dramatically alters its properties. In the normal protein, hydrophobic 
(water-repelling) amino acids bury themselves inside the protein right from the start of 
folding. However, if the protein folds wrongly, these hydrophobic amino acids are 
exposed and they rapidly seek out and bind to hydrophobic groups on other protein 
molecules, forming the insoluble aggregates or plaques that are found in Alzheimer's 
patients. 
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1.5.3 Prion diseases 
Transmissable spongiform encephalopathies (TSEs), which include mad cow disease 
(bovine spongiform encephalopathy; BSE) and Creutzfeld Jakob disease (CJD) in 
humans, are special forms of amyloidosis in which the victim's brain degenerates to a 
structure that looks like a porous sponge. These conditions seem to occur when normal 
human protein particles called prions misfold. The normal human prion is a component of 
the membrane of healthy nerve cells (called PrP'), which folds properly, remains soluble 
and is disposed of without problem. It can, however, misfold in a particular way, which 
allows it to take on an infectious, incorrectly folded three-dimensional form (called 
PrP'"^ ), presumably due to a genetic mutation. The infectious prion, which can be 
transmitted in the diet, triggers a domino effect in healthy prions, forcing them to adopt 
its incorrectly folded form. 
1.5.4 Misfolding and Cancer 
Whereas too much of an incorrectly folded protein can cause amyloidoses, another group 
of protein folding diseases is caused by lack of a correctly folded protein. This form of 
protein folding defect is thought to be involved in diseases such as cystic fibrosis, but 
mainly affects a protein called p53, which occupies the most important position in the 
body's cancer resistance network. Normally, the p53 system is switched off or, at most, 
is in stand-by mode. It is activated inside a cell if the cell becomes excessively stressed or 
damaged, which can lead to genetic mutations in DNA that can cause the uncontrolled 
division and proliferation of cells that is the hallmark of tumor formation. p53 is so good 
at its job that even a single break in the DNA strand is enough to activate it. It rushes into 
the cell nucleus and induces the production of other proteins that stop uncontrolled cell 
division or trigger the programmed death of a cell. This tumor-suppressing function of 
p53 is so important that the protein has been described as the guardian of the genome. So, 
it is no surprise that faults in the p53 gene can be disastrous. Even a mutation in one of 
the letters (nucleotides) in the gene can be enough to lead to the expression of p53 
proteins that do not fold correctly. Half crippled, they cannot carry out their job properly, 
so the damage to the DNA that would normally be repaired goes unnoticed, allowing the 
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abnormal cell to grow in an uncontrolled manner. This type of mutation in p53 is thought 
to occur in 50% of all cases of cancer and as many as 95% of all cases of lung cancer. 
1.6 Intermediates in protein folding pathways 
The native state of a globular protein is defined as the small ensemble of compact 
conformations, reached under folding conditions in vivo or in vitro, in which the protein 
is stable and performs its action. This state is characterized by a low amount of entropy, 
because all protein atoms are kept by mutual interaction in a well-defined geometry. 
Intramolecular enthalpy is also relatively low because many attractive interactions are 
satisfied. Solvent molecules surround the folded protein in its native state. Native 
conformation can be disturbed by perturbing the folding conditions in some way, like 
increasing temperature, changing the solvent pH or adding a chemical denaturant. The 
most commonly used chemical denaturants are urea and guanidinium chloride. 
Urea Guanidinium ion 
Both denaturants favor the denatured state by increasing the solubility of the unfolded 
chain in an aqueous solution. In 8M urea and in 6M GndHCl proteins are thought to 
approach a random coil state. The exact mechanism of how this is accomplished is still 
under debate. One of the theories is the denaturant binding model. In this model the 
denaturant molecules bind to peptide groups and side chains and thereby create a "shell" 
around the folded and the unfolded polypeptide chain. As the concentration of denaturant 
increases the unfolded state will be favored since it has a larger surface area exposed to 
the solvent, more molecules can bind. The driving force for denaturation with chemical 
denaturants is therefore proportional to the change in exposed surface area going from the 
native to the denatured state. 
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O u t fOu 
In 
In contrast to temperature denaturation, chemical denaturation is often a reversible 
process. This is possible since the hydrophobic groups of the unfolded chain are shielded 
by the denaturants, which prevent aggregation. The fact that the process is reversible and 
that the protein approaches a maximum unfolded state is important when we want to 
measure conformational transitions. 
It is difficult to characterize the structural properties of the denatured state, since it 
strongly depends on the unfolding conditions. One can describe the ensemble by means 
of parameters like the radius of gyration or the hydrodynamic volume, which both define 
the average compactness. Experimental techniques like infrared and circular dichroism 
spectroscopy provide information on secondary structure elements. When a high 
percentage of secondary structure is lost, which is the case under strong unfolding 
conditions, the unfolded state assumes a random coil structure. 
The denatured state is characterized by high conformational entropy, because native 
interactions are lost and residues are free to assume a large set of arrangements. 
Intramolecular enthalpy may be higher because of loss of native interactions. The solvent 
molecules get in contact with hydrophobic parts of the protein chain, which were buried 
in the native state. This fact causes water molecules to assume more ordered 
conformations in order to minimize the contact with nonpolar groups, what reduces the 
entropy of the solvent relatively to the folded state. Therefore, one can understand the 
entropy increase as a driving force for folding. When restoring the folding conditions in 
vitro, the spontaneous refolding of a denatured protein is usually initiated. This means 
that the molecule is able to find the native state spontaneously. As proteins function they 
fold-unfold in specific ways. How proteins can quickly refold without tangling remains a 
central mystery in molecular biology. 
To understand fully the conformational behavior of a protein, it is necessary to define not 
only the structure of its native state but also that of various intermediate states. 
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Knowledge of the latter is essential because they are the starting points of the process by 
which folding to the active form of the protein is achieved following biosynthesis. Study 
of the intermediate states of the protein folding has entered a new stage, aided by recent 
technical advances. There has been increasing emphasis on the biological importance of 
non-native conformations of protein ranging from various denatured conformations to 
aggregated forms [62-68]. Proteins may unfold through intermediate(s), which retain (s), 
a substantially high content of secondary structure but little or no tertiary structure known 
as molten globules (MG) [24,69]. 
The MG state attracts special attention; it may have some features of the native fold. 
However, this state differs from native state by the absence of close packing throughout 
the molecule and by a substantial increase in fluctuations in the side chains as well as of 
larger parts of the molecules [70-72]. Recently, increasing evidences support the idea 
that MG state besides having secondary structure may posses well defined tertiary 
contacts as well [73-76]. Thus, the structural similarity between the MG state and native 
protein may have a significant bearing in understanding the protein folding problem [77]. 
Studies have revealed the biological significance of MG states in processes such as 
chaperon binding [78,79] and transport across membranes [62,80]. A full understanding 
of the mechanism of protein folding requires the knowledge of the structures, relative 
energetics, and dynamics of the species populating the folding pathway. 
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1.7 Lectins 
1.7.1 What are lectins? 
Lectins are proteins of non-immune origin that bind carbohydrates in a reversible 
manner, without having any enzymatic activity towards this bound carbohydrate. The 
term lectin was first coined by Boyd & Shapleigh, 1954, [81], and is derived from the 
latin word legere, which means "to choose". Lectins were originally discovered through 
their ability to agglutinate blood cells via cross linking of the sugar residues present on 
their surface. Lectins are ubiquitous in nature and can be found in viruses, bacteria, plants 
and animals, including humans. They are the natural partners of the various 
oligosaccharides that nature uses to "tag" cells via glycoproteins and glycolipids. Lectins 
play a role in important processes like infection, host defense, fertilization, cancer, 
protein transport and embryogenesis [82]. They are also important as tools in biology, 
histology and medicine, e.g., as an aid in the purification of glycoproteins or the 
determination of blood groups [83]. Lectin-carbohydrate recognition is one of the three 
fundamental biological recognition mechanisms, the two others being protein-nucleic 
acid recognition and protein-protein recognition. A detailed understanding of lectin-
carbohydrate recognition mechanisms is therefore of great practical as well as 
fundamental value. 
1.7.2 The legume lectins 
The legume lectins are a family of sugar binding proteins found in the seeds, and in 
smaller amounts in roots, stems, leaves and bark of plants belonging to the Leguminosae 
family [84, 85]. The exact function of the legume lectins in vivo has not yet been 
established although considerable attention has been devoted to the possibilities that they 
may be involved in the defense of plants against predators or in the interaction of the 
plant with Rhizobium symbionts [86-88]. Other functions of lectins in plants may include: 
enzymes (but unknown substrate), storage of proteins, cell wall extension, mitogenic 
stimulation, transport of carbohydrates, packaging and/or mobilization of storage 
materials. Biological activity of the lectins may be attributed to the metal ions which are 
the essential part of the native structure of most leguminous lectins. The stability of the 
native structure of most lectins is thought to be caused by the hydrophobic interactions. 
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Recently, homologues in other plant families [89, 90] and in animals have been described 
[91, 92]. They have been used for decades as a model system for the study of protein-
carbohydrate interactions, because they show an amazing variety of binding specificities 
and are easy to obtain and purify. Over the years, a quite impressive amount of structural 
data has been gathered. For reviews with an emphasis on structural features, see [85, 93-
95], 
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A typical legume lectin monomer, lentil lectin, PDB entry ILES [96]. p-Strands are shown 
as arrows. The conserve monosaccharide binding site is located on the top of the monomer, 
in a shallow depression. The bound GIc molecule is shown as a ball-and-stick model. The 
four sugar binding loops are shown in different colors (Ala-Asp m-peptide bond in blue; 
metal binding loop in yellow; H-loop in orange; monosaccharide specificity loop in red). 
The metals are shown as gray spheres (Ca2+ dark gray; Mn2+ light gray). 
Legume lectins are dimeric or tetrameric hetero- or homo-oligomers. The structures of 
the different legume lectin monomers are extremely similar, and their structure can be 
described as a P-sandwich consisting of a flat, six stranded sheet (the back sheet), and a 
curved, seven stranded sheet (the front sheet). A small third p-sheet, consisting of five 
strands, holds the two larger sheets together [97]. The sugar binding site is located on the 
concave side of the P-sandwich, formed by the curved front sheet, next to a double metal 
binding site. The topology of the monomer is related to the right-handed class 1 jellyroll 
fold [98] but it contains three insertions, one of which is directly involved in sugar and 
metal binding. Essentially the same topology is found in the galectins [99, 100] the 
pentraxins [101] and the spermadhesins [102, 103] all of which are lectins. Many other 
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sugar binding or processing proteins have a topology related to the jellyroll fold [104], 
these include e.g. P -D-glucanase [105] PNGase F [106, 107] and cellobiohydrolase I 
[108]. Sugar binding always seems to occur on the concave side of the p-sandwich, on 
the side of the front sheet in the legume lectins [109, 107]. The combination of this 
curved P-sheet and the connecting loops that fold over the sheet is especially suited for 
carbohydrate binding. The similarity between the topology of the legume lectins, the 
pentraxins, the galectins and the spermadhesins which have no significant sequential 
identity may thus be the result of convergent evolution. Moreover, the P-sandwich 
architecture may also be especially suited for generating a variety of quaternary 
structures, which is important for binding of multivalent epitopes and cross-linking of 
ligands. 
Topology diagram of a typical legume lectin monomer (lentil lectin, PDB entry ILES). P-
Strands are shown as arrows, connecting loops as simple lines. The monomer consists of a 
flat six strand P-sheet (shown right), a curved seven strand P-sheet (shown left) and a small 
connecting five strand p-sheet (shown in gray). The topology is related to the jellyroll fold, 
with three additional inserts (shown as hatched strands). One of these inserts contains two 
of the four conserved sugar binding residues (Phe 123p, Asn 125P) and the metal binding 
loop (shown in bold). The two other conserved residues are Asp 8ip (involved in the Ala-
Asp cw-peptide bond) and Gly 99p (present in a large p-loop that packs against the front 
sheet). Ala 30a and GIu 31a belong to the monosaccharide specificity loop. Lentil lectin 
belongs to the Glc spacific Vicieae tribe lectins and is proteolitically cleaved at position 181 
(shown as a dotted line), resulting in a two-chain lectin (chains a and p). 
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1.7.2.1 Quaternary Structure 
One of the unique features of the legume lectins is their variable quaternary structure, 
although the structures of their monomers are highly similar, they can associate in a 
number of different tetramers and dimers. 
The so-called canonical dimer consists of two monomers that associate via the formation 
of a continuous twelve-strand P-sheet out of two flat back sheets, along the length of the 
dimer. This quaternary structure is adopted by pea lectin [110], favin [111], lentil lectin 
[112], the Lathyrus ochrys isolectins [113] and the a -amylase inhibitor from Phaseolus 
vulgaris [114]. 
Con A, the first legume lectin structure reported [115] consists of two canonical dimers 
that pack against each other with the central parts of their continuous twelve strand P-
sheets. The p-strands of the two dimers are at an angle of almost 90°, and the interface 
consists mainly of electrostatic interactions. The Con A tetramer has been crystallized in 
different space groups. These structures show that the Con A tetramer is quite flexible, 
small rotations and/or translation of the subunits are possible [116, 117]. This is also 
illustrated by a naturally occuring "mutant" of Con A from Canavalia brasiliensis, whose 
quaternary structure differs slightly from the other Con A structures, presumably due to a 
mutation (Asp58Gly) at the dimer-dimer interface [118]. 
Peanut agglutinin [119, 97] forms a tetramer that can be considered as an association of 
two GS4 dimers. These two GS4 dimers associate via the formation of a canonical dimer, 
formed by one monomer from each GS4 dimer. The peanut tetramer is unique because it 
is the only known homo-tetramer that does not possess 222 nor 4 fold symmetry. 
28 
EcorL GS4 Canonical Diiner 
Lentil Lectin PNA Con A Galectin 
T Different quaternary structures of the legume lectins. The known legume lectin tetramers 
can be considered as dimers of dimers, so the tetramers and their corresponding dimers are 
vertically arranged for ease of comparison. Con A contains two canonical dimers. Peanut 
agglutinin contains one canonical dimer and two GS4 dimers. There is no tetramer known 
that ocontains the EcorL lectin type dimer. 
Remarkably, lectins that have no significant sequence identity with the legume lectins 
can form similar multimers. The galectins are Gal-specific mammalian lectins that 
possess the same fold as the legume lectins, although the position of the sugar binding 
site differs from the legume lectins. The dimers of a human galectin [99] and bovine 
spleen galectin [100] resemble a canonical legume lectin dimer, although two continuous 
P -sheets are running along the length of the dimer instead of one. Two lectins with an 
identical specificity, but with a different quaternary structure will necessarily form 
different cross-linked lattices with the same epitope. 
Hence, quaternary structure can be used as a tool to obtain the correct cross-liked lattice 
or to maximize the avidity towards structures bearing multiple epitopes. Owing to their 
ability to differentiate between complex carbohydrates based on subtle variations, plant 
lectins are extensively used as probes for cell surface receptor sites. It is for this reason 
that the plant lectins (though first used as tools in the beginning of the century) continue 
to play a central role in immunology, cancer biology etc. and their importance has not 
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been affected by the advent of newer technologies. Specificity of peanut agglutinin has 
been modified so that it recognizes the T-tumor associated Thomsen-Friedenreich (Galb 
SGalNAc, T-antigen) alone at the expense of the structurally and conformationaly related 
sugars viz. lactose (Galb 3Glc) and N-acetyllactosamine. Discovery of a monomeric 
molten globule state for PNA with retention of biologic activity indicates that the 
monomers of legume lectins have the ability to bind sugars and that their oligomerization 
imparts them enhanced stability and topology necessary for their biologic activities. 
1.7.3 Lectins and Cancer 
Lectins present on the surface of tumor cells are targeted for therapeutic purposes. It has 
been found that treatment with anti- lectin antibodies can suppress growth of tumor cells 
in agarose, and inhibit lung colonization in vivo. Lectins have the potential use in cancer 
treatment strategies due to the fact that lectins present on the surface of tumor cells are 
capable of binding exogenous carbohydrate-containing molecules and internalize them by 
endocytosis. For example, wheat germ lectin (WGA) is found to induce lectin- dependent 
macrophage-mediated cytotoxicity against human bladder cancer (T-24) cells. Alveolar 
macrophage (AM) are phagocytes, mainly present in the pulmonary alveoli, are important 
in the antitumor defense mechanism of the lung because they can bind to the target cell-
but are unable to induce cytolysis. However, studies have revealed that human AM 
tumorcidal activity can be induced by wheat germ lectins. Another finding is that the 
sensitivities of six human tumor cell lines depend on the number of receptor sites exist on 
the surface of WGA. Although the effector mechanism is still unknown, the binding of 
AM with tumor cells initiated by WGA may increase sensitivity to the cytotoxicity 
mediated by human AM. In addition, WGA is found to enhance the cell killing ability of 
murine peritoneal macrophages. In vivo studies show that WGA has an inhibitory effect 
on the growth of murine tumors. The tumoricidal activity of human blood monocytes can 
be induced by the WGA. As a result, the monocytes are able to become cytotoxic to four 
different human tumor cell lines: T-24 bladder carcinoma, A-375 melanoma, ACHN 
renal carcinoma, and U373MG glioblastoma. 
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2.1 MateriaCs 
2.1.1 Proteins 
Fetuin from fetal calf serum type IV (lot 63 F-9555), Asialofetuin from fetal calf serum 
type-I (lot-90K7650), Lentil lectin (lot no.LE 21129), Con-A was purchased from Sigma 
Chemical Co. (St. Louis, Mo,USA). Pea lectin was purified from pea seeds by affinity 
chromatography as described by Agarwal et al [120]. Purity of all proteins was checked 
by SDS-PAGE. 
2.1.2 Reagents used 
Guanidine hydrochloride and the fluoro-alcohols, Hexafluororopropanol and 
Trifiuoroethanol were purchased from Sigma Chemical Co. (St. Louis, Mo,USA). 
Polyethylene glycols (PEG-400, PEG-4000 and PEG-20,000) were purchased from Sisco 
Research laboratory, Mumbai, (India). Blue dextran, coommassie brilliant blue R-250, 
N-acetyl-L-tryptophanamide (NATA), 2-mercaptoethanol were also purchased from 
Sigma Chemical Co. (St. Louis, Mo,USA). Acrylamide, N, N'-methylenebisacrylamide, 
ammonium persulphate (APS), sucrose, glycerol, sodium dihydrogen phosphate, 
disodium hydrogen phosphate, trichloroacetic acid (TCA), sodium acetate, sodium 
hydroxide (NaOH), hydrochloric acid and acetic acid were purchased from Qualigens 
Fine Chemicals, Mumbai (India). 
N, N, N', N'-tetramethylenediamine (TEMED) was the product of Fluka AG, 
Switzerland. All other reagents and buffer compounds used were of analytical grade. 
2.1.3 Miscellaneous 
Dialysis tubings of 1 inch width were obtained from Sigma Chemical Co. (St. Louis, 
Mo.USA). Whatman filter papers (no.l) were product of Whatman International Ltd, 
Maidstone, England. Parafilm 'M' was obtained from American Can Company, CT, 
USA. pH indicator papers were supplied by Qualigens Fine Chemicals, Mumbai, (India). 
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2.2Metftods 
l.l.X Concentration Determination 
Protein concentrations were determined spectrophotometrically using an extinction 
1% 
coefficient E ,(.^=5.3, 15, 12.4 for fetuin, pea lectin, concanavalin-A respectively [121-
4 -1 -1 
123] and 3x10 M cm for lentil lectin [124] by measuring the absorbance of protein 
solutions at 280 nm on a Hitachi spectrophotometer, model U-1500 or alternately by 
method of Lowry et a! [125]. ANS concentration was also determined 
-1 2 
spectrophotometrically using a molar absorption coefficient of 5000 M cm at 350 nm. 
2.2.2 pH measurements 
pH measurements were carried out on an Elico digital pH meter, model LI 610. The least 
count of the pH meter was 0.01-pH unit. The pH meter was routinely calibrated at room 
temperaturewith0.05M potassium hydrogen pthalate buffer, pH 4 in the acidic range or 
0.0IM tetraborate buffer, pH 9.2 in the alkaline range. 
2.2.3 Circular dichroism measurements 
CD measurements were carried out with a Jasco spectropolarimeter, model J-720, 
equipped with a micro-computer. The instrument was calibrated with D-10-
camphorsulfonic acid. All the CD measurements were carried out at 25°C with a 
thermostatically controlled cell holder attached to a Neslab RTE-110 water bath with an 
accuracy of ±0.1°C. Far-UV CD spectra were measured at a protein concentration of 
0.15 mg.mf' and near-UV CD spectra were measured at protein concentration of 2 
mg.ml"'. The pathlength was 1mm and 1cm respectively. The results are expressed as 
mean residue ellipticity (MRE) in deg cm.^dmol'' defined as 
MRE = e^ bs (mdeg)/l 0 x n x Cp x 1. 
where Oobs is the CD in millidegree; n is the number of amino acid residues; 1 is the 
pathlength of the cell in cm and Cp is the molar fraction. The a-helical content of fetuin 
was calculated from the MRE value at 222 nm using the following equation as described 
by Chen ero/[126]. 
% a-helix = MRE222 - 2340/30300 x 100. 
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For thermal-transition studies, a water-jaci<eted 1mm pathlength cell was used for far-UV 
CD and a water jacketed 10 mm pathlength cell was used for near-UV CD attached to the 
RTE-110 waterbath interfaced with a microcomputer. A protein concentration of 2 
mg.ml' was used for near-UV CD measurements and 0.15 mg.mf' was used for far-UV 
CD measurements. 
2.2.4 Fluorescence measurements 
Fluorescence measurements were performed on a Shimadzu spectrofluorometer, model 
RF-540 with data recorder DR-3. The fluorescence spectra were measured at 
25±0.rCwith a 1cm pathlength cell. The excitation and emission slits were set at 5 and 
10 nm respectively. Before making measurements the solutions were incubated overnight 
at 4°C. Intrinsic spectra were recorded between 300-400nm with excitation wavelength 
of 280 nm. For ANS fluorescence in the ANS binding experiments, the excitation was 
set at 380 nm and the emission spectra were taken in the range of 400-600nm. 
2.2.5 Measurement of pH induced changes 
Protein stock solutions were prepared in distilled water and were dialysed for four hours 
at low temperature (4°C). Solutions of varying pH were prepared by adding respective 
buffers of desired pH. Acid denatured state of the proteins was was achieved by dialyzing 
against 10 mM glycine-HCl buffer. Tubes were incubated for 4 hours at 25 °C before 
spectroscopic measurements. 
The pH of the samples was found to lie between within ±0.1 pH unit when taken before 
and after spectroscopic measurements. 
2.2.6 GdnHCl induced unfolding 
Stock denaturant solution of 8M GndHCl was prepared and added to protein solutions to 
get the desired concentration of the denaturant. The final solution mixtures were 
incubated for 8 hours at 25 °C before optical measurements. 
2.2.7 Effect of poly (ethylene glycol) s 
To a 100 [i\ stock protein solution, different volumes of respective buffers was added first 
followed by the addition of stock polyethylene glycol solutions (100%w/v, PEG-400; 
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50% w/v, PEG-4000; 40% w/v, PEG-20,000) to get a desired concentration of PEGs. 
The final solutions mixtures were incubated for 6 hours at room temperature before 
optical measurements. 
2.2.8 Effect of Huoroalcohols (TFE and HFIP) 
Different volumes of buffers and fluoroalcohols were added to a fixed protein stock 
solution to give a final volume of 1 ml. This yielded final TFE concentration of 0% to 
90% (v/v), HFIP concentration of 0% to 70 % (v/v) and desired final protein 
concentration. Each sample was thoroughly mixed and incubated overnight before 
spectroscopic measurements. 
2.2.9 Acrylamide Quenching Experiments 
In the quenching experiments, aliquots of 5M quencher stock solution were added to a 
protein stock solution (1 mg.ml'') to achieve the desired range of quencher concentration 
(0.1-lM). Excitation wavelength was set at 295 nm in order to excite tryptophan residues 
only and the emission spectrum was recorded in the range 300-400 nm. The decrease in 
fluorescence intensity at Xmax was analyzed according to the Stern-Volmer equation 
[127]. 
Fo/F = 1 + Ksv [Q] 
where FQ and F are the fluorescence intensities at an appropriate wavelength in the 
absence and presence of quencher respectively, Ksv is the Stern-Volmer constant, and [Q] 
is concentration of the quencher. 
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3.1 Introduction 
3.1.1 Fetuin 
It is a glycoprotein abundant in calf serum. It is a protein found predominantly during 
fetal stage. Experiments with serum from calves of different ages have shown that the 
amount of this globulin has its highest value in newly bom calves and decreases with 
time. The name fetuin is derived from the Latin name for foetus, namely fetus. It is 
associated with the period when the greatest building and development of the animal 
takes place. Fetuin is thought to play an important role in fetal brain development [128, 
129]. Bovine serum fetuin (BSF) comes under the category of acute phase reactants. 
Acute phase reactants are proteins usually synthesized by liver cells, although other cells 
such as macrophages can also participate in their production. The synthesis of these 
proteins is dramatically modified by infection, inflammation and malignancy. Equivalent 
of fetuin in other mammalian species is Alpha 2- HS glycoprotein (AHSG), which is a 
negative acute phase reactant synthesized by liver [130]. 
The carbohydrate portion of fetuin is made up of three branched heteropolysaccharide 
units. These units have been shown to have a similar monosaccharide composition. The 
peptide portion consists of a single chain with six intrachain disulphide bonds. The 
carbohydrate chains comprise 24% of the total molecular weight Mr 48,000 D [131]. 
Studies conducted by Wang et al show that bovine serum fetuin is unfolded through a 
molten globule state on heating and on treatment with GndHCl. [132]. In our studies we 
have shown the MG state of fetuin at low pH. Low pH acts as a mild denaturant and 
results in intermediate states which are less unfolded and nearer to native structure as 
compared to unfolded state obtained on treating the protein with strong denaturant like 
GndHCl. Reversibility studies by spectrofluorometry showed that fetuin was completely 
reversible in the pH range 2-7 while it was found to be partially irreversible from pH 1.8 
to pH 7. As already stated fetuin plays a vital role in development during fetal stages 
specially in brain development and also has homology with a-2 HS glycoprotein which is 
said to be its mammalian counterpart. So studies were carried out to prove the 
conformational alterations in the structure of this protein and its application to clinical 
biochemistry and its related protein a-2 HS glycoprotein. Fetuin (a-2-HS glycoprotein) 
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has a role in postnatal bone growth and remodeling [133]. It contributes to insulin 
resistance during normal pregnancy and gestational diabetes. It also regulates neonatal 
skeletal development [134]. Moreover fetuin is involved in the fetal brain development. 
It has been shown that fetuin and various cytokines have a developmentally regulated 
appearance and expression in the developing neocortex [128,129]. A short 19 amino acid 
sequence of fetuin shows a degree of homology to an 18 amino acid sequence of the 
transforming growth factors-beta (TGF-beta) type-II receptor and invitro fetuin binds to 
members of the TGF- beta family of cytokines. It has been suggested that fetuin is the 
biologically significant antagonist of these cytokines [129]. Thus fetuin has a very 
important role in the overall development of the fetus. Any misfolding in this protein can 
have adverse effects on its functioning and its interaction with cells and other molecules 
leading to general development as well as brain development anomalies. Attempts can be 
made to correct the misfolding if the folding pathway is well understood. Folding studies 
conducted on fetuin may prove to be useful in understanding the pathway by which the 
protein attains its native conformation. 
3.1.2 Asialofetuin 
Asialofetuin is the desyalylated form of fetuin. Based on our results on the 
characterization of MG state of BSF at low pH, we also report in a systematic way the 
conformational behavior of asialofetuin in the acidic region and contribution of the sialic-
acid in maintaining the structural integrity of the protein. For this purpose, fluorescence 
and CD spectroscopic measurements were performed depending on pH. The results are 
discussed in the context of known properties of BSF. 
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3.2 ^suCts an(f (Discussion 
3.2.1 Characterization of molten globule state of fetuin at low pH. 
As can be seen from Figure. 1(A), there is a rapid loss of tertiary structure shown by the 
decrease in negative MRE at 256 nm with decreasing pH (upto 1.8), beyond this pH the 
ellipticity is found to increase. Figure. 1 (B) shows the near-UV CD spectrum of fetuin at 
pH 7 (curve-1), pH 1.8 (curve-2) and in presence of 6M GndHCl (curve-3). At pH 7 
protein shows two maxima at 256 nm and 289 nm and one minimum at 266 nm. Fetuin 
at pH 1.8 shows a significant decrease in the band intensities. Near-UV CD spectra 
shows that the spectrum at pH 1.8 resembles more with that of fetuin in the presence of 
6M GndHCl, reflective of less ordered tertiary structure. 
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Fig. 1 pH transition curve in the near-UV region (A). Near-UV CD spectrum of fetuin at 
pH 7 ( ); pH 1.8 (— —) and in presence of 6M GndHCl (—) (B). 
Figure.2 (A) shows the pH transition curve from pH range 7-1 in far-UV region. Upto pH 
7 there was no structural change while further decrease in pH leads to more negative 
MRE values at 222 nm. At pH 1.8 there is regain in the secondary structure of the 
protein as compared to pH-2 preparation. Figure. 2 (B) shows the far-UV CD spectra of 
fetuin at pH 7, 1.8 and in presence of 6M GndHCl (curves-1, 2 and 3 respectively). As 
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can be seen from the figure the native spectrum of fetuin can be characterized by the 
presence of a strong negative band at 206 nm and a shoulder around 220 nm. These 
results are similar to those of Wang et al [132]. At low pH (pH 1.8) the spectrum is close 
to that of native spectrum. There was a complete loss of secondary structure in the 
presence of 6M GndHCl. These results suggest the retention of secondary structure at 
low pH. The results of far and near-UV CD spectra taken together i.e. retention of 
secondary structure and loss of tertiary structure suggest the existence of molten globule 
state at low pH. 
-4.1 
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Fig. 2 pH transition curve in the far-UV region (A). Ellipticity measurements were carried 
out at 222 nm. Far-UV CD spectrum of fetuin at pH 7 (—); pH 1.8 ( ) and in 
presence of 6M GndHCl ( ) (B). 
Figure. 3 shows thermal unfolding of fetuin at pH 7 and 1.8. The results were monitored 
with respect to the change in MRE in the near-UV region. The nature of the curve was 
found to be biphasic for native fetuin in the near-UV region, the first unfolding transition 
occurred in the temperature range 35°-55°C, Tm for the first transition i.e.Tmi was found 
to be around 45°C. The second transition took place in the temperature range 70°-80°C 
and Tm2 was found to be around 75''C. The acid denatured fetuin at low pH (1.8), 
however, shows a non- cooperative transition in the temperature range studied. Our 
results are in agreement with studies done by Peng et al [135] and Muzammil et al [30], 
which also show a lack of cooperative thermal unfolding transition associated with the 
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'molten globule' state. The native preparation loses approximately 59% structure around 
60°C while the acid denatured preparation shows a collapse of the structure beyond this 
point. 
Temperature ("C) 
Fig. 3 Temperature dependence of CD spectrum of fetuin. Native state at pH 7 (— •-
acid denatured state at pH 1.8 ( • ). 
Experiments were carried out in a temperature range SS'C-SS'C. 
-); 
Far UV-CD studies were also performed but no significant transition was observed at pH 
1.8 (data not shown). 
The fluorescence emission spectrum of fetuin at excitation wavelength 280 nm is 
dominated by tryptophan fluorescence and has emission maxima at 340 nm. Fig. 4 (A) 
shows the pH transition curve of fetuin as obtained by intrinsic fluorescence studies and 
change in Xmax position. With decrease in pH there was a gradual decrease in 
fluorescence intensity while the change in kmax remains constant upto pH-3 followed by a 
red shift of 4 nm upon further lowering the pH. The process was found to be reversible 
upto pH-2, while further decrease in pH upto 1.8 makes the process partially irreversible. 
Fig.4 (B) shows tryptophan fluorescence spectra of fetuin in the native state (curve-1). 
There is change in fluorescence intensity and emission wavelength maximum shifts with 
decrease in pH value (curve-2). Addition of protons results in decrease in emission 
intensity with a concomitant red shift (3-4 nm) of the maximum emission wavelength of 
tryptophan. In presence of 6M GndHCI (curve-3) there was a decrease in fluorescence 
intensity with a change in Xmax from 340 to 352 nm. 
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Figures 4A and 4B taken together show that the maximum of spectrum of fetuin at low 
pH is only slightly shifted to the red region as compared to that of native spectra and thus 
is in a different environment as compared to the completely unfolded state in 6M 
GndHCl. So, at low pH, tryptophan is in an environment similar to that of native state. 
M. 
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Fig. 4 pH transition curve obtained from intrinsic fluorescence data ( — • —) and change 
in Xm« (— • —) (A). Tryptophan fluorescence spectrum of fetuin. Fetuin at pH 
7, in 10 mM sodium-phosphate buffer ( ); at pH 1.8, in 10 mM Glycine-HCI 
buffer ( ) and in presence of 6M GndHCl ( ) (B). 
Reversibility points are shown by the symbol (x). 
The solvent exposure of the hydrophobic surface in fetuin at low pH was studied by ANS 
binding (see flg,5A&B), Binding of ANS to hydrophobic regions results in an increase in 
fluorescence intensity, which has been widely used to study the MG state of different 
proteins as reported from our lab [136-138]. As can be seen from figure 5A, with a 
decrease in pH (uptol.8) there was increase in ANS binding, maximum binding being at 
pH 1.8 also shown in (fig.5-B, curve-1). There was low ANS binding at pH 7 (fig.5-B, 
curve-2) and in presence of 6M GndHCl (not shown in fig.), which further confirms the 
presence of molten globule at low pH. Fetuin at low pH has enhanced solvent accessible 
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clusters of hydrophobic regions, which were initially buried in the interior of native fetuin 
at pH-7. 
400 , ^, ,600 
Fig. 5 pH transition curve obtained from ANS fluorescence data (A). ANS fluorescence 
emission spectra of native fetuin at pH 7 ( ) and fetuin at pH 1.8 ( . ) 
(B). Protein:ANS were taken in 1:100 molar ratio. 
Fluorescence quenching experiments were performed with acrylamide, CsCl and KI. 
Fetuin at pH 7 and 1.8 was treated with increasing concentrations of the above said 
quenchers. It was observed that acrylamide quenched the tryptophan fluorescence very 
effectively at both the pH values while CsCl and KI were not as effective as acrylamide 
at pH 7 and even less effective at low pH (1.8). As summarized in Table-I acrylamide 
showed 90% quenching in the native state at pH-7 and 87% quenching at pH 1.8 which 
means that acrylamide almost completely quenched the fluorescence of the single 
tryptophan residue present in fetuin at position-51 [132]. At pH 7 CsCl and KI quenched 
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the fluorescence to about 43% and 53% respectively and at pH 1.8 there was only 20% 
quenching by both of them. 
Table-I. Summary of quenching effect shown by different quenchers. 
pH 
1.8 
2 
7 
Acrylamide 
Fo55 
FM 6.6 
Fo58 
FM8.3 
Fo 94.6 
FM8.9 
%quenching 
87 
86 
90 
CsCl 
Fo55 
FM44.3 
Fo58 
FM40.1 
Fo 94.6 
FM 54.4 
%quenching 
20 
31 
43 
KI 
FO55 
FM41.3 
Fo58 
FM38.9 
Fo 94.6 
FM44 
%quenching 
20 
32 
53 
Fo*. Fluorescence intensity in absence of acrylamide / CsCl / KI. 
FM: Fluorescence intensity at maximum concentration of acrylamide / CsCl / KI. 
From the results obtained it can be hypothesized that tryptophan is present in a charged 
environment where both negatively and positively charged residues are present. 
Acrylamide being a neutral quencher has easy access to tryptophan residue and hence 
was able to quench its fluorescence effectively. On the other hand both CsCl and KI 
being charged quenchers were unable to quench tryptophan fluorescence due to charge-
charge repulsions. These charge-charge repulsions increased when protein was at pH-1.8 
as compared to the native state, suggesting that the immediate environment of tryptophan 
is becoming more polar at low pH compared to pH 7. This is further confirmed by the 
red shift observed in case of intrinsic tryptophan fluorescence (fig.4-B). 
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These results are also supported by Stem-Volmer plots. Fig.6 shows the Stem-Volmer 
plots of quenching of fluorescence by acrylamide, CsCl and KI in native state atpH 7 and 
at pH 1.8. Ksv is the Stern-Volmer constant, which represents the extent of quenching. 
Lower Ksv values at pH 1.8 as compared to pH 7 in all the three cases (Table-II) indicate 
that on the whole, at low pH, conformation of the protein changes making the tryptophan 
residue less accessible and this suggests that a more compact structure exists at low pH. 
Table-II. Ksv values obtained from Stern-Volmer plots. 
Quenchers 
pH 
Ksv(M"') 
Acrylamide 
7 
10.6 
1.8 
5.4 
CsCl 
7 
0.9 
1.8 
0.3 
KI 
7 
1.12 
1.8 
0.016 
The implication of the results presented in this paper may prove useful for elucidating the 
molten globule state of a glycosylated protein (fetuin) at low pH. Interestingly the 
process was found to be completely reversible upto pH 2 as checked by fluorescence 
while it becomes partially irreversible as the pH further decreases to 1.8. The 
conformational stability mechanism of molten globule state is different from that of 
native. The exact stability mechanism of the molten globule state is not clear but it is 
supposed that nonspecific hydrophobic interactions play a central role in maintaining a 
hydrophobic core, around which are held together the secondary structural elements and 
the fluctuating side chains of the protein [139, 140]. 
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3.2.2 Molten Globule-like folding intermediate of Asialofetuin at acidic 
pH. 
We have shown that a molten globule state exists in bovine serum fetuin (BSF) at low pH 
[141]. In order to monitor the role of charged sialic acid residues in stabilization of 
native conformation of the protein we have performed similar studies on asialofetuin. 
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Fig. 6 pH dependence of CD spectra of asialofetuin at 222 nm. Protein concentration was 
30^M. 
As shown in figure-6, the conformation of polypeptide backbone of asialofetuin was 
monitored by ellipticity measurements in the far-UV region at 222 nm. The MRE at 222 
nm showed no apparent change between pH 7.4 and 4.0, but when pH was decreased 
below 4.0, MRE222 decreased markedly to a minimum value at around pH 2.4. Further, 
no apparent change was observed in the pH range 2.4-1.0. Thus, the pH-induced 
transition was found to follow a single step two state transition. The observed pH 
denaturation curves as monitored by MRE measurements at 222 nm of asialofetuin and 
its sialated form fetuin were markedly different. The results of secondary structure 
resolved analysis are presented in Table-Ill for fetuin and asialofetuin. 
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Table-III. Comparison of the conformational properties of fetuin and asiaiofetuin. 
Vaiiable* 
* % secondary 
time tun a.t 222 nm 
* % tertbiystiuctiuv 
at256iun 
* % tertiary structure 
at290iun 
"Relative fhiorescene 
intensity at 340 lun 
(exiitationat280nm) 
ANS fluorescence 
intensity 
'Fetuin 
Native 
100 
100 
100 
100 
3 
Acid 
unfolded 
113 
38 
55 
62 
58 
GnHCl 
denatured 
13 
38 
5 
51.5 
Atialo&tuin 
Native 
100 
100 
100 
100 
38 
Acid 
unfoided 
70 
22 
100 
137 
92 
GnHQ 
denatured 
12.5 
12 
46 
120,9 
' MRE of the native protein is taken as 100%. 
" Fluorescence intensity of native protein is taken as 100%. 
"^ Taken from our earlier communication [141]. 
To detect and characterize the tertiary structure of asiaiofetuin, near-UV CD, intrinsic 
tryptophan fluorescence measurements and ANS binding experiments were used. Figure 
7(a) & 7(b) show the fluorescence spectra of asiaiofetuin in the native state at pH 7, acid-
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unfolded state at pH 1.8 and completely denatured state in presence of 6 M GndHCI in 
300-400 nm range after exciting the protein at 280 and 296 nm respectively. 
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Fig. 7 Fluorescence emission spectra of asialofetuin when the protein was excited at 280 nm 
(a) and 296 nm (b). Asialofetuin in the native state at pH 7 (—), in acid unfolded state 
at pH 1.8 ( ), in 10 mlM glycine-HCI buffer and in presence of 6 M GndHCI 
( ). Protein (3^M) was incubated with 10 mM buffers of different pH for 3 hrs. 
Spectra were recorded in the range 300 nm-400 nm. Experiments were carried out at 
ZS'C. 
When protein was excited at 280 nm (fig.7a) a significant increase in fluorescence 
intensity of acid-unfolded protein (curve-2) was observed as compared to native (curve-
1) & GndHCI denatured protein (curve-3) along with a red shift of approximately 12 nm 
as compared to that of native state, this increase in fluorescence intensity may be ascribed 
to the disruption of hydrogen bonding between the hydroxyl group of tyrosyl residue and 
carboxyl groups of peptide backbone emphasized by the loss of secondary structure of 
asialofetuin in acid induced state [142, 143]. In presence of 6 M GndHCI fluorescence 
intensity was more and X^ ax shifted to longer wavelength from native protein. On the 
other hand, when asialofetuin was excited at 296 nm (fig.7b) fluorescence intensity of 
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completely denatured protein (curve-3) was slightly more than that of the acid induced 
state (curve-2) as well as native state (curve-1) because at 296 nm there was no excitation 
of the tyrosine residues, a slight red shift of 4 nm was observed. Slight red shift of A,niax 
when protein was excited at 296 nm shows little change in the tryptophanyl environment, 
which is also evident from fig. 11 where MRE 296 of acid-unfolded protein is almost 
similar to that of native protein. Red shift of >.n,ax in both cases i.e. when protein was 
excited at 280 and 296 nm is indicative of more polar environment of the single 
tryptophan residue, which may be either due to exposure of tryptophan to acidic 
environment or addition of protons to the residues in the immediate environment of 
tryptophan. Observed lower Ksv value at pH 1.8 indicated that tryptophan residue 
becomes more inaccessible to solvent in the acid denatured state. Thus slight red shift 
could be ascribed to protonation of acidic group in the vicinity of tryptophan residue. 
Figure-8 shows the acid induced unfolding of asialofetuin as monitored by ellipticity 
measurements in the near-UV region at 256 nm. As can be seen from the figure there 
was no significant change in MRE 256 values from pH 7.4 to 4.0, further decrease in pH 
leads to a loss in tertiary structure. 
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Fig. 8 pH dependence of CD spectra of asialofetuin at 256 nm. Protein concentration was 
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At pH 1.8 the loss in tertiary structure was found to be maximum and MRE value 
approached to that of 6M GndHCl denatured protein (Table-IV). 
Figure-9 shows the acid-induced unfolding as monitored by ANS fluorescence at 470 nm. 
From the figure it can observed that there was a slight increase in fluorescence with 
decrease in pH (upto pH 5.5), further it remained constant in the pH range 5.0-2.0. There 
was maximum ANS binding at pH 1.8, which is suggestive of exposure of hydrophobic 
patches as reported earlier from our lab [144, 141,136]. 
c 
o 
Fig. 9 pH dependence of ANS fluorescence spectra of asialofetuin at 470 nm. Protein 
concentration was 3^ M 
To ascertain whether the protein state observed at pH 1.8 represented the MG-like state, 
we compared the far-UV and near-UV CD spectra, cooperativity of unfolding and ANS 
binding of asialofetuin at pH 1.8 with those obtained at pH 7.4. Figure-10 shows the far-
UV CD spectra of asialofetuin in the native state (curve-1), acid unfolded state (curve-2) 
and completely denatured state in presence of 6 M GndHCl (curve-3). 
48 
200 250 
Wavelength (lun) 
Fig. 10 Far-UV CD spectra of asialofetuin in the native state ( ) at pH 7, in acid 
unfolded state ( ) at pH 1.8 and completely denatured state ( ) in 6 M 
GndHCl. 
The curve for the native state has two minima, one at 208 nm and the other at 222 nm, 
characteristic of a-helicai structures determined from MRE value at 222 nm by the 
method of Chen et al[\ 26]. 
The spectra of the acid unfolded state retained all the features of secondary structure, 
although there was a decrease in the MRE values at 222 nm (Table-IV), indicating a loss 
of about 32% a-helical structure from native state. Asialofetuin in presence of 6 M 
GndHCl lost all the features of secondary structure. 
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Table-IV. " Fluorescence of native protein was taken as 100% 
Variable 
MR£at222nm 
MREaL25finm 
% Helix 
Rdatjve fluorescence 
intensity at 340 nm 
CeKdtstionat 280 ftm) 
Relative fluaicscence 
intensity at 340 nnr> 
( exdtslion at 296 nm) 
7<avt Cwftetijttotein'wias 
seated at 280 tttt)^ 
^ w ('whm protein vsiQs 
eKcitoiali.29itim) 
A l ^ fluorescence 
intensity 
C oopesaliviiy ^ beaxai 
tiansLtion) 
Nkljve 
- 1 4 ^ 0 
-45dS 
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Figure-11 shows the near-UV CD spectra in the range 300 nm-250 nm for the native state 
(curve-1), the acid unfolded state (curve-2), and in 6 M GndHCl (curve-3). 
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Fig. 11 Near-UV CD spectra of asialofetuin in the native state (—) at pH 7, in acid unfolded 
state ( ) at pH 1.8 and completely denatured state ( ) in 6M GndHCl, 
As can be seen from the figure acid unfolded state lost almost all of Its tertiary structure 
and resembled more to the GndHCl denatured spectrum. Figure-12 shows the 
fluorescence spectra of ANS in 400-600 nm wavelength range in presence of native 
(curve-!), acid unfolded protein (curve-2) and GndHCl denatured protein (curve-3). 
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As can be seen, binding of ANS to the acid unfolded state at pH 1.8 produced a large 
increase in fluorescence intensity as compared to native state, (Table-IV). Thus, 
retention of some amount of secondary structure with complete loss of tertiary structure 
along with maximum ANS binding at pH 1.8 is indicative of the presence of a molten 
globule-like state at this pH. 
Size exclusion chromatography was also performed in order to characterize the MG-state. 
The molten globule has an expanded dimension but retains substantial compactness. 
Change in molecular size can easily be detected by SEC. For native protein, a single 
peak centered at 77 ml was observed. However, for asialofetuin treated with acidic pH 
(pH 1.8) for 3 hours before finally loading on the column, a small but decrease in the 
elution volume to 74 ml was observed. This indicates that the dimensions of the 
molecule have slightly increased under this condition. Thus the results indicate a slight 
increase in the hydrodynamic dimensions of the protein under acidic pH and could be 
because of the opening up of the tertiary structure. 
For further confirmation of the MG-like intermediate state at pH 1.8, thermal studies 
were performed. Figure-I3 shows the temperature induced unfolding of asialofetuin at 
pH-7.4 and 1.8 by MRE measurements at 222 nm. The thermal unfolding of native 
asialofetuin is a cooperative process. As can be seen from the figure the transition started 
at 55°C decreased continuously upto 92°C and then tailed off 
On the other hand, thermal transition of acid induced state (pH 1.8) started at a lower 
temperature, 40°C i.e. thermal transition started earlier in case of acid denatured protein 
and it is less stable than native. Thermal dependence of Far-UV CD signal indicates 
loosely ordered secondary structure of acid induced state as compared to secondary 
structure of native asialofetuin. 
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Fig, 13 Temperature dependence of CD spectrum of asiaiofetuin. Native state at pH 7 
(—•—) in 20 mM sodium-phosphate buffer; acid denatured state at pH 1,8 (—O—) 
in 20 mM glycine-HCl buffer. A protein concentration of 30nM was used. 
Experiments were carried out in the temperature range SS^ C-QS^ C. 
The results show that unfolding of MG state of asiaiofetuin is weakly cooperative. The 
weakly cooperative thermal unfolding of the protein at pH-1.8 is indicative of its MG-like 
nature. There are similar examples in many other globular proteins including Canine, 
Cytochrome-c and SNase [145-148]. 
To confirm the microenvironment of the tryptophan residue, we compared the exposure 
of the single tryptophan residue in the native state with that in the acid denatured state 
and guanidine hydrochloride denatured state by fluorescence quenching experiment, 
using uncharged molecules of acrylamide as described by Eftink and Chiron [127]. 
Figure-14 shows the Stern-Volmer plot of quenching of fluorescence by acrylamide in 
native state, acid induced state (1.8) and 6M GndHCl denatured state of asiaiofetuin. 
Results for the tryptophan analogue NATA are also included as a standard for complete 
accessibility to quencher. 
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Fig, 14 Stern-Volmer plot of acrylamide quenching. Native asialofetuin at pH 7 (—0—); 
acid denatured asialofetuin at pH 1.8 (—A—) and NATA (—x—) and GndHCl 
(—o—). Values shown are the ratios of fluorescence in the absence of acrylamide 
(F„) to the fluorescence at that concentration of quencher (F). 
Table-V shows the Stem-Volmer constant fitted to the linear part of the curve, Ksv for 
the native state (8.5) was found to be slightly higher than that for the acid induced state 
(5.2), a blue shift in Xm^x from 340 nm-337 nm also indicated that tryptophan residue in 
acid induced state was less accessible to quenching than in native state. 
The Ksv value for the GndHCl denatured state and NATA were significantly higher than 
those for native and acid unfolded state suggests that tryptophan residue even in the 
native state is internal. 
Taken together, these results, i.e. the presence of significant amount of secondary 
structure, higher magnitude of ANS binding, weak cooperativity in the thermal transition 
and almost complete loss of tertiary structure suggest that the acid unfolded state of 
asialofetuin at pH 1.8 resembles the molten globule state as defined for other proteins 
[136,141,145-149,132,69]. 
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Table-V. Ksv values obtained from Stern-Volmer plot 
Subject 
Native asialofetuin 
Acid-unfolded asialofetuin 
GndHCl-denatured asialofetuin 
NATA 
""~^^^^5:;ii:_ 
K.V ( M ' ) 
8.5 
5.2 
14.2 
19.3 
. . r i i r ; . ^ ' ' ' 
The results obtained from the experiments discussed above and previous reports [11,32] 
lead us to conclude that removal of sialic acid from the protein fetuin brings about a 
considerable structural reorganization, suggesting the different behavior of asialofetuin 
during acid denaturation. This conclusion is supported by observations summarized in 
Table-IV. Far-UV CD spectrum of native asialofetuin has higher content of a-helix as 
evident from the spectrum of the native protein having minima at 208 nm and 222 nm 
typical of a-helix. The absence of the 222 nm minimum in fetuin suggests that the 
protein has low a-helix as compared to that of asialofetuin. Further, it was observed that 
acid and thermal denaturation does not lead to the destruction of secondary structure of 
fetuin, on the other hand there is significant loss of secondary structure during acid and 
thermal denaturation. 
Near-UV CD spectrum of acid unfolded fetuin at pH 1.8 [141] in the entire range from 
250-300 nm resembled more to the spectrum of completely denatured fetuin in 6M 
GndHCl, but the near -UV CD spectrum of asialofetuin at pH 1.8 resembled more to that 
of native protein in the region of tryptophanyl residue (295 nm) while the rest of the 
spectrum was similar to that of 6M GndHCl denatured asialofetuin. 
When protein was excited at 280 nm, intrinsic fluorescence of acid unfolded fetuin was 
quenched along with a red shift of 4 nm. While intrinsic fluorescence at 340 nm of acid 
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unfolded asialofetuin was more than that of native protein along with a red shift of 
approximately 12 nm. 
Intrinsic fluorescence quenching of acid denatured proteins (fetuin and asialofetuin) by 
acrylamide is higher than that of native suggesting the internalization of the single 
tryptophan residue in both cases. 
The implications of the results presented over here may prove useful in understanding the 
effect of sialic-acid on partially folded intermediate, which accumulate in the folding 
pathway of a protein. Further, the results of thermal transitions and acid denaturation 
monitored by far-UV CD, taken together with previous reports [141, 149] unambiguously 
demonstrate that sialic-acid play a significant role in the stabilization of secondary 
structure of fetuin during acid and thermal denaturation. 
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4.1 Introduction 
4.1.1 Lentil lectin 
Lentil lectin belongs to leguminosae family to the group ofglucose/mannose specific 
2+ 2+ 
lectins. It is a glycoprotein and requires Ca and/or Mn metal ions to be active. It 
has a composition of a P .^ The two a-chains being the light chains and P-chains 
being the heavy chains, with a molecular mass of 49 KD [150]. Other lectins 
belonging to this specificity group are lectins from pea (Pisum sativum), fava bean 
(Vicia faba), common vetch (Vicia cracca) and forage legume sainfoin (Onobrychis 
vicifola) [150]. Studies have been performed by Marcos et al [151] in which they 
have compared the thermal stability of lentil lectin at pH 2 with its stability at pH 7 
by differential scanning calorimetry, intrinsic fluorescence and CD-studies and have 
reported a compact residual structure of lentil lectin at pH 2. In our work we have 
shown the existence of a molten globule like folding intermediate of lentil lectin at 
pH 1 with some amount of secondary structure and disrupted tertiary structure, this 
intermediate is different from the compact denatured state at pH 2. Effect of 
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fluorinated alcohols TFE and HFIP was also checked on this acid unfolded 
intermediate obtained at pH 1. 
4.1.2 Pea lectin 
2+ 2+ 
Pea lectin exists as a dimer, has a molecular weight 49,000, requires Ca and Mg 
ions for carbohydrate binding, and has a single carbohydrate binding site per 
monomer. Each of the pea lectin monomers consists of an a and a P chain. The 
crystal structure of pea lectin shows that the polypeptide chain takes a convoluted 
pathway to form two major and one minor ant parallel p sheet structures [110]. 
Extensive random coil structures are overlaid onto the front of the molecule. The 
two monomers join together to form the typical canonical dimer. 
The Conformational stability of the pea lectin has been determined by both 
isothermal urea-induced and thermal denaturation in the absence and presence of 
urea by Ahmad et al [152]. We have characterized two different folding 
intermediates of the lectin under the influence of low pH and have also investigated 
the effect of fluoroalcohols on one of the intermediates characterized. 
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4.1.3 Concanavalin A (ConA) 
ConA, first crystallized by Sumner and Howell, 1936 [153] has proven to be an 
interesting and useful lectin. The molecular structure of Con A has been reported by 
Becker et al. 1976 [154], Becker et al. 1975, [115] Cunningham et al. 1975, [155] 
Reeke et al. 1975, [156] and Wang et al. 1975, [157]. it is composed of identical 
subunits of 237 amino acid residues. At neutral and alkaline pH, Con A exists as a 
tetramer of four identical subunits of approximately 26,000 daltons each. Below pH 
5.6, Con A dissociates into active dimers of 52,000 daltons. Con A binds two metal 
ions per monomer: a transition metal at site S1 and Ca^ ^ at site S2. Both ions must 
be present for saccharide binding. Con A reacts with non-reducing a-D-Glucose and 
a-D-mannose. The molecular weight of Con-A is 104 kDa and the pi is 4.5-5.5. The 
detailed structure [158, 159] reveals several striking features, including a number of 
regular structures that allow for an elegantly simple set of subunit interactions. In 
particular, the molecule has a unique arrangement of P- structures, which is of 
considerable interest to the question of how proteins fold. 
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4.1.4 Fluoroalcohols (2,2,2 trifluoroethanol. and 1,1,1,3,3,3-hexafluoro-
isopropanol) 
CF3 CF3 
H — C — H 
I 
OH 
H — C — CF3 
OH 
TFE 
(2,2,2-trifluoroethanol) 
HFIP 
(1,1,1,3,3,3 hexafluoroisopropanol) 
Study of the folding intermediates and denatured states provides an insight to 
understand how and when various forces come into play in directing protein folding 
[160-162]. Non-native states are easily attained by solvent perturbation [69,163,164]. 
An extensively studied co-solvent that modifies the protein conformation is alcohol. 
Alcohol destabilizes hydrophobic cores of protein while it enhances secondary structure 
formation by minimizing exposure of peptide backbone. They exert thermodynamic 
force to minimize exposure of peptide backbone, this intrachain interaction acts not 
only among residues neighboring in the primary sequence to form a-helices but also 
among those at a distance in the sequence to induce a compact conformation. However 
due to non-polar character of alcohol a counteracting force is also exerted that expands 
the protein conformation [165-167]. A balance between these two opposing forces is 
responsible for the highly helical but expanded conformation of proteins in alcohol 
solutions [168, 169]. Among various alcohols, fluoroalcohols are often used because 
of their high potential for stabilizing the helical structure candidate alcohols of this type 
are 1,1,1,3,3,3-hexafluoro-isopropanol and 2,2,2 trifluoroethanol. The high helix 
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inducing capacity of TFE as compared to other non-fluorinated alcohols can be 
accounted to the fluorination of the alcohol but the enhanced activity of HFIP cannot be 
explained simply on the basis of the additive effects of the constituent parts (CF3 
surface area, etc). It is suggested that the "cooperative formation of micelle like clusters 
ofHFIP is important". 
Studies on alcohol effects provide insights into biologically important events because 
the alcohol solution mimics the environment of biomembrane [170], modifies folding 
pathways of proteins [171, 172] and induces the assembly of biologically relevant 
peptides [173, 174]. TFE is a protein denaturant, which has also been shown to induce 
the molten globule state in many proteins [175, 176], TFE is often preferred in such 
studies because of its high potential in stabilizing the a-helical structure [177, 178]. 
The secondary structures stabilized by TFE are assumed to reflect conformations that 
prevail during early stages of protein folding [176, 178, 179]. HFIP has been used to 
unfold aggregates of the Alzheimer's amyloid peptide AP [180-182] or prion protein 
peptide [183,184]. The unfolding of amyloid aggregates by HFIP results in the 
formation of helical structure. HFIP is also used in the field of peptide chemical 
synthesis because it effectively dissolves peptide aggregates that are insoluble in both 
water and strong hydrophobic solvents. 
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4.2 ^uCts and (Discussion 
4.2.1 Fluoroalcohol-induced stabilization of the a-helical intermediates 
of lentil lectin: Implication for non-hierarchical lectin folding: 
4.2.1.1 Secondary and tertiary structure of lentil lectin at different pH 
Far and near-UV CD studies of lentil lectin were carried out in the pH range 7-0.8 
Figure-15 (a) shows the pH transition curve at 217 nm, with decrease in pH from 7 to 
0.8 a continuous loss of secondary structure was observed. Figure 15(b) represents the 
far UV-CD spectrum of native lectin at pH7 with a trough between 220 nm-230 nm and 
a positive peak near 200 nm characteristic of a P-structure (curve-1), at pH 2 protein 
showed some residual |J-structure (curve-2). 
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Fig. 15 pH transition curve in the far-UV region, MRE was monitored at 217 nm (a). 
Far-UV CD spectrum oflentil lectin at pH 7 ( ), curve-1; pH 2 ( ), curve-2; 
pH 1 ( ), curve-3 and in presence of 6M GndHCI ( ), curve-4 (b). 
These features are in accordance with earlier data presented by Marcos et al [151]. On 
further lowering the pH to 1 it was found that the protein looses the residual P-structure 
which existed at pH 2 and acquires an unordered confirmation (curve-3) This acid 
unfolded state is different from the completely denatured state of the protein in presence 
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of 6 M GndHCI (curve-4). Thus the spectrum of protein at pH 1 shows an intermediate 
state, which is different from the native state as well as from the completely denatured 
state. 
Figure-16 (a) shows the pH transition curve at 270 nm. As observed for the secondary 
structure, in this case also a continuous loss of tertiary structure was observed with 
decreasing pH. Figure-16 (b) depicts the near-UV CD spectrum of lentil lectin at pH 7 
(curve-1), pH 2 (curve-2), pH 1 (curve-3) and in presence of 6 M GndHCI (curve-4). 
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Fig, 16 pH transition curve in the Near-UV region (a). EUipticity measurements were 
carried out at 270 nm. Near-UV CD spectrum of lentil lectin at pH 7 ( ) 
curve-1; pH 2 ( ), curve-2; pH 1 (— • —), curve-3 and in presence of 6M 
GndHCI ( ), curve-4 (b). 
As can be seen from the figure the spectrum at pH 2 shows resemblance with that of the 
native protein indicating the presence of a compact tertiary structure (as reported by 
Marcos et al [151]), although the spectrum at pH 1 
has spectral features resembling to those of curve-2 but the intensity of the signals 
decrease and approach to that of lentil lectin in the presence of 6M GndHCI, reflective 
of less ordered tertiary structure. This data shows that some tertiary contacts that were 
retained at pH 2 are disrupted at pH 1. 
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Figure-17 depicts tlie intrinsic fluorescence spectra of lentil lectin. 
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Fig. 17 Tryptophan fluorescence spectrum of lentil lectin. Lentil lectin at pH 7, in 20 mM 
sodium-phosphate buffer ( ), curve-1; at pH 2, in 20 mM Glycine-HCl buffer (--
— ) , curve-2; at pH 1, in 20 mM Glycine-HCl buffer ( —), curve-3 and in 
presence of 6M GndHCl ( ), curve-4. 
The red shift from 330-340 nm obtained in case of acid denatured lectin at pH 2 (curve-
2) and at pH 1 (curveS) as compared to the native at pH 7 (curve-1) can be accounted to 
the exposure of tyrosine and tryptophan residues, lowering of fluorescence intensity at 
pH 1 from pH 2 again indicates loss of structure at pH 1 state but the red shift of the 
acid denatured states is less and fluorescence intensity greater than the protein in 
presence of 6 M GndHCl with X ^^ at 350 nm thus at pH 1 although protein shows loss 
of tertiary structure as compared to pH 2 state but is not completely denatured. 
To confirm the environment of tryptophan residues fluorescence-quenching experiment 
was performed using the uncharged molecules of acrylamide as described by Eftnik and 
Ghiron [127]. Figure-18 shows the Stem-Volmer plot of quenching of fluorescence by 
acrylamide in native, acid unfolded at pH 1 and 6 M GndHCl-denatured lentil lectin. 
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Results for the tryptophan analogue NATA are also included as a standard for complete 
accessibility to quencher. 
0.2 0.4 0.6 0.8 1 
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Fig. 18 Stern-Volmer plot of acrylamide quenching. Native lentil lectin at pH 7 (—A—); 
acid denatured lentil lectin at pH 1 (-•—) and NATA (—•—) and GnHCl (—•-). 
Values shown are the ratios of fluorescence in the absence of acrylamide (Fo) to 
the fluorescence at that concentration of quencher (F). 
Acrylamide quenching parameters of lentil lectin have been summarized in Table-VI. 
K^ f^or the acid denatured state was found to be higher (5.1) than that for the native state 
(1.3) accompanied by a red shift from 330-340 nm. 
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Table-VI, Kjv values obtained from Stern-Volmer plot 
• 
Subject 
Native Lentil lectin 
A:id-mtfoIded LentQ lectin 
GxiHCtdextatured Leiitjl lectin 
NATA 
K^ (JW"^ ) 
1:3 
7J6 
12.6 
These results indicate that the tryptophan residues in the acid-unfolded state were more 
accessible to quenching by acrylamide than in the native state. The red shift in the 
emission maximum of tryptophan indicated that the residues became more accessible to 
the solvent in the acid denatured state. The K ^ values for the GndHCl-denatured and 
NATA were significantly higher than those for native and acid unfolded state 
suggesting that the tryptophan residues were not fully accessible to the quencher even at 
pH 1. These results are in agreement with the results deduced from near-UV CD and 
intrinsic fluorescence studies. ANS binding studies showed maximum binding at pH 1 
and almost no binding at pH 7 and in presence of 6 M GndHCl (figure-19), which is 
again indicative of the presence of an intermediate state atpH 1. A considerable amount 
of ANS binding was also seen in the pH 2 state, which indicates that an intermediate 
exists at pH 2 in which hydrophobic patches are exposed but to some lower extent as in 
case of pH 1 state. 
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Fig. 19 Fluorescence emission spectra of ANS bound to native lentil lectin at pH 7 ( ), 
curve-1; acid unfolded lentil lectin at pH 2 ( ), curve-2; acid unfolded lentil 
lectin at pH 1 (— • —), curve-3 and completely denatured lentil lectin in 6M 
GndHCl ( ), curve-4. 
Thus, from CD and fluorescence studies taken together we can say that at pH 1 lentil 
lectin exists as an intermediate state with unordered secondary structure and disrupted 
tertiary structure. In order to further confirm the intermediate state at pH 1, GndHCl 
denaturation was performed and monitored by intrinsic fluorescence spectroscopy. The 
fluorescence intensity thus obtained was plotted against increasing GndHCl 
concentration (figure-20) the unfolding transition curves show that unfolding of native 
protein is a cooperative process (curve represented by filled circles), 
transition started at 1.4 M GndHCl and became constant after 3 M GndHCl. On the 
other hand acid unfolded protein showed lack of cooperativity where a sharp transition 
occurred at GndHCl concentration as low as 0.2 M and decreased continuously there 
after (curve represented by open circles). This lack of cooperativity associated with 
loose tertiary structure confirms the intermediate state of lentil lectin at pHl. 
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Fig. 20 Guanidine Hydrochloride-induced unfolding transition curve as measured by 
intrinsic tryptophan fluorescence at 332 nm. Protein concentration was 0.15 mg 
ml"' in 20 m sodium phosphate buffer, pH-7 (—•—) and in 20 mM Glycine-HCl 
buffer, pH-1 (—o—). 
4.2.1.2 Limited proteolysis 
In order to further confirm the presence of acid unfolded intermediate limited 
proteolysis was performed. The proteolytic fragments were separated by SDS-PAGE, 
Protein: enzyme ratio was 50:1 (w/w). An acid-unfolded protein has a more open and 
extended conformation as compared to the native state and hence it is very likely that in 
the acid unfolded state the trypsin cleavage sites get exposed and when subjected to 
tryptic digestion result in greater number of fragments than the native state. Figure-21 
shows the gel pattern of limited tryptic digestion of lentil lectin in native state at pH 7 
(A) and in acid unfolded state at pH 1 (B), lane 1 and 4 represent undigested 
preparations of pH 7 and pH 1 while lanes 2,3 and 5,6 contain reaction mixtures in 
which digestion was allowed for 30 minutes and 60 minutes respectively. As can be 
seen in the figure the major bands prominent in all the pH 7 preparations diminished in 
lane-5 and further in lane-6 the bands almost disappeared. This decrease in band 
intensity and finally disappearance of the major bands signify the cleavage of the major 
fragment into smaller digestive fragments with increasing time interval. No such band 
pattern 
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was found with native preparation. These results are suggestive of the fact that at pH 
protein exists as an extended intermediate. 
1 / 2 ^ 3 4 M 5 . 6 
Fig. 21 Limited tryptic digestion of A: Lentil lectin at pH 7; B: Lentil lectin at pH 1. The 
digestions were performed at protein: trypsin ratio of 50:1 (w/w). The samples 
were incubated for 30 mins (lane-2, 5) and 60 mins (lane3, 6), lanes 1 and 4 contain 
undigested preparations 
4.2.1.3 Effect of TFE and HFP on acid unfolded lentil lectin 
TFE and HFIP are known to stabilize the a-helical structure in proteins and their 
fragments. These fluoroalcohols are also known to effect protein structure. Studies 
conducted by Segawa et al [185] showed that the effect of TFE in inducing the helical 
conformation is not non-specific and the fragments arising from the helical region of the 
native structure have a high tendency to form a helix in the presence of TFE, where as 
the P-region has a low tendency to do so. But the results described by Shiraki et al [179] 
suggest that the helical propensity of proteins in the presence of TFE varies 
significantly according to protein species, and are somewhat different from the 
expectation that the helical propensity in TFE is correlated with the helical propensity 
of the native structure. Effect of TFE (0-70% v/v) was checked at pH 1 preparation of 
lentil lectin, for clarity only 0%, 20% and 70% curves are depicted in figure-22 (a), 
curve-1, 2 and 3 respectively along with native protein at pH 7 (curve-4). In presence of 
60% (v/v) 2,2,2 Trifluoroethanol (TFE) acid unfolded lentil lectin acquired some 
features of an a-helical structure with a trough near 208 nm and a slight shoulder around 
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217 nm. Effect of HFIP from 0-70% (v/v) was also observed in the far UV-region. This 
transition was significant upto 30% HFIP (curve-3), further increase in HFIP 
concentration upto 70% had little effect on the helical structure, so for the sake of 
clarity only) 0%, 10%, 20% and 30% curves are shown in figure-22 (b), curve-4 and 5 
correspond to acid-unfolded protein (0% HFIP v/v) and native protein at pH 7 
respectively. More evident and clear transition to a-helix in P-rich lectin was observed 
at much lower concentration of HFIP (20% v/v), curve-2 figure-8 (b). Interestingly it 
was observed that at 10% HFIP (curve-1) the acid unfolded structure showed a 
minimum at 217 nm, which is a feature of a p-structured protein while addition of HFIP 
at concentrations more than 10% (cuve-2) changed the far-UV spectrum dramatically to 
that of an a-helical structure with a sharp minima at 208 nm and 222 nm. 
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Fig. 22 Far-UV CD spectrum of lentil lectin at pH 1 showing the effect of increasing 
concentrations of (a). TFE, 0% TFE; (—) curve-1, 30% TFE ( ) curve-2 and 
60% TFE ( ) curve-3. Curve-4 corresponds to native protein, (b). HFIP, 
0% HFIP (—) curve-4, 10% HFIP ( ) curve-1, 20% HFIP ( ) curve-2, 
30% HFIP ( ) curve-3. Curve-5 corresponds to native protein taken for 
comparison. 
The decreased helix-stabilizing effect of TFE Vs HFIP has been indicated by Cort & 
Anderson [186]. Alcohols exert thermodynamic force to minimize exposure of peptide 
backbone [165,167], this intrachain interaction acts not only among residues 
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neighboring in the primary sequence to form a-heiices but also among those at a 
distance in the sequence to induce a compact conformation. However due to non-polar 
character of alcohol a counteracting force is also exerted that expands the protein 
conformation [165-167]. A balance between these two opposing forces is responsible 
for the highly helical but expanded conformation of proteins in alcohol solutions 
[168,169]. In many previous studies [187,188] it has been observed that in a low 
concentration range of HFIP, the force minimizing the exposure of main chain 
components is probably more dominant than the force that expands the denatured chain. 
From figure-23 it can be seen that with increasing concentration of TFE and HFIP 
fluorescence intensity goes on increasing along with a blue shift in both the cases. This 
blue shift along with increase in fluorescence intensity, as compared to the acid 
unfolded state, could be attributed to the conformational changes in the vicinity of 
tryptophan residues, presumably due to internalization in a more hydrophobic 
environment with the formation of a-helical structure as is shown from the far UV-CD 
studies. 
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Fig. 23 Effect of increasing concentrations of TFE (—•—) and HFIP (— • —) on acid-
unfolded state of lentil lectin as monitored by changes in fluorescence intensity at 
332 nm. Changes in X. max (inset). 
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Thus, addition of fluoroalcohols introduce non-native ordered secondary structure in the 
unordered state at pH 1, and the Induction of helicity, as already discussed is greater in 
case of HFIP while figure-24 shows that no significant effect of these fluoroalcohols 
was found on the overall pH-disrupted tertiary structure of the lectin (as discussed in 
figure 16b). 
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Fig. 24 Near-UV CD spectrum of lentil lectin at pH 7 ( ) curve-1; acid unfolded 
lentil lectin in presence of 70% TFE ( ), curve-2; in presence of 30% HFIP (--
), curve-3 and in presence of 6M GndHCl ( ), curve-4. 
Fig.25 depicts extrinsic fluorescence studies. ANS binding decreased with increasing 
TFE concentration and showed maximum binding at 30% HFIP concentration. 
Maximum ANS binding in presence of 30% HFIP, substantial amount of secondary 
structure and absence of tertiary structure clearly indicates the presence of HFIP 
induced molten globule like intermediate. No such intermediate was detected with TFE 
although some amount a-helix formation was seen at 70% TFE (v/v). Thus HFIP and 
TFE stabilize the acid unfolded state differently. 
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Fig. 25 ANS fluorescence of lentil lectin at pH 1 as a function of increasing concentrations 
of fluoroalcohols. In presence of TFE i—^—) and HFIF (— • —). 
Some published data suggest that HFIP/water is a distinctly different solvent system 
from TFE/water, in particular at 4-10%, Denda et al [189]. Also Hirota et al [188] in 
their studies on p- lactoglobulin show that HFIP causes the transition of a 
native (P-sheet) to helical state at a concentration approximately one third the 
concentration required for a comparable effect by TFE. The high helix inducing 
capacity of TFE as compared to other non-fluorinated alcohols can be accounted to the 
fluorination of the alcohol but the enhanced activity of HFIP cannot be explained 
simply on the basis of the additive effects of the constituent parts (CF3 surface area, 
etc). It is suggested that the "cooperative formation of micelle like clusters of HFIP is 
important". 
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4.2.1.4 Determination of protein activity 
The activity of pH 7 preparation was taken as 100% and thus % activity of the other 
preparations of the protein was determined. At pH 1 loss in activity was found with both 
dextran and bromelain while the reported intermediate at the given pH was found to 
regain activity with bromelain in presence of HFIP and TFE. Activity with dextran in 
presence of fluoroalcohols could not be determined as turbidity developed in the 
corresponding blank preparation i.e. TFE and HFIP formed complex with dextran, (the 
results have been summarized in Table-Vll). The observed changes in activity of 
different lectin preparations could be accounted for by our previous results. The acid 
denatured protein showed unordered structure and hence considerable decrease in 
activity was obtained as compared to the native preparation. Addition of fluoroalcohols 
induced ordered structure in the acid unfolded state, although non-native but the 
induction of secondary structure resulted in the regain of activity of the protein to some 
extent. 
Table-VII. % activity measured for lentil lectin under different conditions. 
Sanple 
pH7 
pH 1 
70%TFE 
30% HFIP 
Broinelam 
(% activity) 
100 
25 
40 
56 
Regain of activity in presence of HFIP and TFE was also found to be in accordance to 
the amount of secondary structure induced by the two. HFIP induced more structure as 
compared to TFE and hence a greater regain in activity of about 30% was observed with 
HFIP as compared to a 15% regain with TFE. Our results show that the fluoroalcohols 
(TFE and HFIP) stabilize the acid unfolded state of lentil lectin, which is mainly a p-
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sheet protein, by inducing a-helical contacts. Interestingly, it was observed that 
induction of the non-native structure resulted in regain of protein activity to some 
extent. It has been shown by Shiraki et al [179] that P-lactoglobulin which consists 
predominantly of P-sheets, instead of following hierarchical model proceeds through 
non-hierarchical model of protein folding according to which the native structure is not 
necessarily formed sequentially as established hierarchy of the native structure. 
Although the hierarchical model of protein folding is popular, our results presented here 
point out the possibility of the formation of a helical structure preceding the formation 
of the native P-sheet structure as already shown for p-lactoglobulin [179], and support 
the non-hierarchical model of protein folding for lentil lectin. As already discussed 
alcohol-induced stabilization of the helical structure is known for some P-sheet proteins, 
including P-lactoglobulin, nevertheless no comprehensive work has been carried out 
with lectins and this is for the first time we report here a non-hierarchical model of 
protein folding pathway for a lectin. A scheme describing a model for folding has been 
given below. An attempt has been made to cover both the structural and functional 
aspects of the lectin under the influence of fluoroalcohols. 
60% TEE ^ Iiitennediate widi 
a-helical featuie 
Native Acid-mifolded 
(pH-7) (pH-1) ^ 
N ^ P-stractuied ^ Iiitennediate rich 
10%HEIP "it"™ediate >ioo/oHFIP ^^^^^^"^ 
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4.2.2 Characterization of a common intermediate of pea lectin in the 
folding pathway induced by TFE and HFIP: 
4.2,2.1 Secondary and tertiary structure of pea lectin at different pH as observed by 
CD- studies. 
Fig.26 (a) shows the far-UV CD spectra of pea lectin at pH 7 (curve-1), pH 2.4 (curve-2), 
pH 1 (curve-3) and in presence of 6 M GndHCl (curve-4), it can be seen that the 
conformation of the protein at pH 2.4 and pH 1 is different from that of native as well as 
completely denatured state in presence of 6M GndHCl. From the transition curve plotted 
at 217 nm, Fig.26 (b) it can be stated that secondary structure of pea lectin is quite 
resistant to low pH. Upto pH 2.4 there is only a little change in structure. Below this pH, 
at pH 1 further loss in structure is seen. 
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Fig. 26 Far-UV CD spectrum of pea lectin at pH 7 ( ), curve-1; pH 2.4 ( ), curve-2; 
pH 1 (— • —), curve-3 and in presence of 6M GnHCI ( ), curve-4 (a). pH 
transition curve in the far-UV region, MRE was monitored at 217 nm (b). 
The known pea lectin amino acid sequence and knowledge of the secondary structure 
shows that it has 27 acidic amino acid residues and most of them are approximately 50% 
exposed and few of these residues like Glu-119 and 223 and Asp-81, Asp-121, Asp-140 
and Asp-195 are buried in the native form. It is probably the titration of the side chains 
of these acidic amino acid residues below pH 2.4 which is responsible for the sharp 
transition observed. Fig.27 (a) shows the near-UV CD spectra of the lectin at pH 7 
(curve-1), pH 2.4 (curve-2), pH 1 (curve-3) and completely denatured in presence of 6 M 
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GndHCl. Curves 2 and 3 seem to resemble the spectrum of the native protem at pH 7. 
Transition curve plotted at 285 nm as a function of pH (Fig.27b) show that there is no 
considerable change in MRE values on going from pH 7 to pH 2.4, then MRE values 
decrease upto pH 1.4. At pH 1 slight gain of structure was observed, regain in tertiary 
structure has been shown for glucose oxidase in an earlier communication from our lab 
[190]. 
250 Wavelenglh (ion) pH 
Fig. 27 Near-UV CD spectrum of pea lectin at pH 7 ( ) curve-1; pH 2,4 ( ), 
curve-2; pH 1 (—•—), curve-3 and in presence of 6M GndHCl ( ), curve-4. (a). 
pH transition curve in the Near-UV region Ellipticity measurements were carried 
out at 285 nm (b). 
4.2.2.2 Tryptophan environment of pea lectin observed by intrinsic fluorescence. 
The fluorescence data reported also supports the compact conformation of the protein at 
pH 2.4. The transition curve, Fig. 28, shows that as pH is decreased from pH 7 it causes 
enhancement in fluorescence intensity upto pH 2.4 accompanied by a blue shifH of about 
4 nm. A continuous decrease in fluorescence intensity along with a red shift of 4-5 nm is 
observed on going from pH 2.4 to pH 1, which is indicative of the exposure of tryptophan 
residues. The fluorescence spectrum of pea lectin at pH 7 (curve-1), pH 2.4 (curve-2), 
pH 1 (curve-3) and completely denatured preparation in presence of 6 M GndHCl is also 
shown (inset, Fig.28). 
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Fig. 28 Fluorescence intensity of pea lectin at 340 nm as a function of pH. Inset,Tryptophan 
fluorescence spectrum of pea lectin. Pea lectin at pH 7, in 20 mM sodium-phosphate 
buffer ( ), at pH 2.4, in 20 mM Glycine-HCl buffer ( ), at pH 1, in 20 mM 
Glycine-HCI buffer (—•—), and in presence of 6M GndHCl ( ). 
Pea lectin has been shown to possess a total of 29 aromatic amino acid residues out of 
which 5 are tryptophan residues. Trp-53, Trp-128 and Trp-206 are a little exposed while 
Trp-52 and Trp-227 are buried in the native form. Rest of the aromatic residues are 
contributed by 10 tyrosine and 14 phenylalanine amino acids. All the phenylalanine 
residues are highly buried while in case of tyrosine Tyr-46, Tyr-100, Tyr-179 and Tyr-
191 are more buried than the rest. 
4.2.2.3 ANS binding studies. 
Fig.29 depicts the binding of the hydrophobic dye (ANS) to different structural forms of 
the lectin under varying pH conditions. 
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Fig. 29 ANS Fluorescence of pea lectin as a function of pH. Inset, Fluorescence emission 
spectra of ANS bound to native pea lectin at pH 7 ( ), curve-3; acid unfolded pea 
lectin at pH 2.4 { ), curve-2; acid unfolded pea lectin at pH 1 (— • —), curve-1 
and completely denatured pea lectin In 6M GndHCl ( ), curve-4. 
The transition curve shows maximum binding of ANS to pea lectin at pH J and 
considerable binding to the 2,4 preparation as compared to that of native state at pH 7. 
The spectra for protein at pH 1, 2.4, 7 and in presence of denaturing concentration of 
GndHCl are shown in inset, Fig.29, curves-1, 2, 3 and 4 respectively. The intrinsic 
fluorescence and ANS data show that at pH 2.4 the overall conformation of the protein is 
compact. The tryptophan residues are buried but the hydrophobic patches are somewhat 
more exposed than they are in the native state. At pH 1 unfolding occurs and the 
tryptophan residues as well as the hydrophobic patches get exposed allowing the binding 
of ANS, which results in the enhanced fluorescence intensity. 
4.2.2.4 Acrylamide Quenching studies. 
The observation that at pH 2.4 protein has a compact conformation is supported by 
acrylamide quenching experiment. 
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Fig. 30 Stern-Volmer plot of acrylamide quenching. Native pea lectin at pH 7 (—A—); acid 
denatured pea lectin at pH 1 (—x—); pea lectin at pH 2.4 (—*—) and NATA (—•—) 
and GndHCI denatured pea lectin (—•—). Values shown are the ratios of 
fluorescence in the absence of acrylamide (Fo) to the fluorescence at that 
concentration of quencher (F). 
Figure-30 shows the Stem-Volmer plot of quenching of fluorescence by acrylamide in 
native, acid unfolded at pH ] and pH 2.4 and 6 M GndHCl-denatured pea lectin. Results 
for the tryptophan analogue NATA are also included as a standard for complete 
accessibility to quencher. 
Acrylamide quenching parameters of pea lectin have been summarized in Table-VIII. 
Ksv for the acid denatured state at pH 1 was found to be higher (2.7) than that for the 
native state (1.2) and that for the lectin preparation at pH 2.4 (1.5) accompanied by a red 
shift from 330-340 nm. 
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Table-VIII. K,v values obtained from Stern-Volmer plot 
Subject 
Native Pea lectin 
Acid-unfolded Pea lectin at pH 1 
Acid-unfolded Pea lectin at pH 2.4 
GndHCl-denatured Pea lectin 
NATA 
Ksv (M-') 
1.2 
2.7 
1.5 
5.2 
14.9 
These results indicate that the tryptophan residues in the acid-unfolded at pH I were more 
accessible to quenching by acrylamide than in the native state as well as the protein at pH 
2.4. The Ksv values for the GndHCl-denatured and NATA were significantly higher than 
those for native and acid unfolded state suggesting that the tryptophan residues were not 
fully accessible to the quencher even at pH 1. These results are in agreement with the 
results deduced from near-UV CD and intrinsic fluorescence studies. Near and far-UV 
CD and fluorescence studies taken together indicate that secondary and tertiary structure 
of pea lectin is resistant to acidic pH down to 2.4. At pH 1 there is slight loss in 
secondary structure and regain in tertiary structure. 
4,2.2.5 GndHCI induced transitions in the lectin at different pH. 
In order to further confirm the intermediate states obtained at pH 2.4 and pH 1, GndHCI 
denaturation was performed and monitored by intrinsic fluorescence spectroscopy. The 
fluorescence intensity thus obtained was plotted against increasing GndHCI concentration 
(Fig-3I). 
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Fig. 31 Guanidine Hydrochloride-induced unfolding transition curve as measured by 
intrinsic tryptophan fluorescence at 340 nm. pH 7 (—•—), Glycine-HCl buffer, 
pH 1 (—o—) and pH 2.4 (—A—). 
The unfolding transition curves show that unfolding of native protein is a cooperative 
process (curve represented by filled circles), transition started at 1.4 M GndHCl and 
became constant after 3 M GndHCl. Some amount of cooperativity was also shown by 
protein at pH 2.4 supporting the CD and fluorescence data that pea lectin at pH 2.4 is 
quite stable and shows resistance to GndHCl denaturation. On the other hand acid 
unfolded protein at pH 1 showed lack of cooperativity where a sharp transition occurred 
at GndHCl concentration as low as 0.2 M and decreased continuously there after (curve 
represented by open circles). This lack of cooperativity associated with loose tertiary 
structure confirms the intermediate state of pea lectin at pH 1. 
4.2.2,6 Effect of fluoroalcohols on the intermediate obtained at pH 2.4 
Fig-32 shows the far-UV CD spectra of pea lectin at pH 2.4 in the presence of different 
concentrations of TFE. 
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Fig. 32 Far-UV CD spectrum of pea lectin at pH 2,4 showing the effect of increasing 
concentrations of TFE, 0% TFE ( ), curve-2; 40% TFE (—•—). curve-3; 
80% TFE (—•—), curve-4 and 90% TFE ( ), curve-5. Curve-1 and 6 
correspond to native and GndHCl denatured protein respectively. 
Curve-1 represents native pea lectin at pH 7, the spectrum as shown earlier is typical of a 
P-structured protein, curve-2 corresponds to the protein at pH 2.4 which represents an 
intermediate state different from native as well as completely denatured state in presence 
of 6 M GndHCl (curve-6). Increasing concentrations of TFE stabilize this state upto 80% 
TFE (v/v), which is evident from the increasing MRE values at 217 nm, only curve 3 and 
4 corresponding to 40% and 80% TFE respectively, have been shown for the sake of 
clarity. Schonbrunner et al in their studies on all-P-sheet protein Tendamistat have 
shown that TFE induces a partially folded state in tendamistat that has lost most of its 
specific side chain interactions but that retains nearly all of the native P-sheet structure 
[191]. It is also clear from the figure that further at 90% TFE (v/v), curve-5, the 
stabilizing effect on the secondary structure is lost and the MRE value at 217 nm 
decreases. 
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Fig. 33 Near-UV CD spectrum of pea lectin at pH 7 ( ) curve-1; acid unfolded pea 
lectin at pH 2.4 ( ), curve-2; pea lectin at pH 2.4 in presence of 80% TFE 
(—•—), curve-3; in presence of 4% HFIP (—•—), curve-4 and in presence of 6M 
GndHCl ( ), curve-5. 
Loss in tertiary structure at 80% TFE concentration is seen from near-UV CD data (Fig-
33, curve-3), curve-1, 2 and 5 correspond to native lectin, lectin at pH 2.4 and in presence 
o f 6 M GndHCl. 
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Fig. 34 Effect of increasing concentrations of TFE on acid-unfolded state of pea lectin as 
monitored by fluorescence spectroscopy. Native pea lectin at pH 7 (—), curve-1; at 
pH 2.4 ( )„ curve-2; acid unfolded pea lectin at pH 2.4 in presence of 5% 
curve-3; 80%, curve-4 and 90% TFE, curve-5. Curve-6 ( ) represents lectin in 
presence of 6 M GndHCl. 
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Intrinsic fluorescence spectra Fig-34 shows that the protein at pH 2.4 in presence of 5% 
TFE (v/v), curve-3 has fluorescence intensity more than that of native form, curve-1 
which is again in accordance to our previous results indicating a compact tertiary 
structure at pH 2.4, curve-2, which is not affected at low concentration of TFE. With 
increasing TFE concentrations fluorescence intensity goes on decreasing, along with a 
red shift of the k^^,,. Only 80%TFE, curve-4 and 90% TFE, curve-5 have been shown for 
clarity. 
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Fig. 35 ANS fluorescence of pea lectin at pH 2.4 in presence of fluoroalcohols. In presence 
of 80% TFE, curve-1 and 4% HFIP, curve-2. Native pea lectin at pH 7 (—), curve-
4; at pH 2.4 ( ), curve-3. Curve-5 ( ) represents lectin in presence of 6 M 
GndHCI. 
ANS studies conducted in presence of varying TFE concentrations show maximum 
binding of ANS at 80% TFE, figure-35 (curve-1), curve-3 corresponds to the protein 
preparation at pH 2.4 and curve-4 and 5 to native and completely denatured states. Thus 
the conformation in which the protein existed at pH 2.4 is so changed in presence of TFE 
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such that the secondary structure is stabilized upto 80% (v/v) of TFE while the tertiary 
structure which was retained by the protein at the above said pH is lost and the folding 
intermediate of pea lectin at pH 2.4 changes to another intermediate state in presence of 
80% TFE (v/v). 
Effect of hexafluorisopropanol was also studied on the intermediate state, which has been 
shown to exist at pH 2.4. Figure-36 represents the far-UV CD spectra of the 2.4 
preparation of the protein in presence of varying HFIP concentrations. 
40 » » y w T n P T T » » r T T i T T f - T ' l T i f w r wiwrvf f r n r 
J > l t J t J l . l i . l A t 
200 Wavelength (lun) 250 
Fig. 36 Far-UV CD spectrum of pea lectin at pH 2.4 showing the effect of increasing 
concentrations of HFIP, 0% HFIP ( ), curve-2; 4% HFIP (—•—), curve-3;12% 
HFIP ( ), curve-4; 16% HFIP (—•—) curve-5; 30% HFIP (- - -), curve-6. 
Curve-1 corresponds to native protein taken for comparison. 
Curve-1 shows the native state at pH7 while curve-2 is indicative of the protein 
preparation at pH 2.4. Pea lectin in presence of 4% HFIP is represented by curve-3. In 
low concentration range of HFIP the pH 2.4 intermediate shows an increase in MRE at 
217 nm retaining residual P-structure upto 12% HFIP (curve-4). At 16% HFIP (v/v) a 
sharp transition to typical a-helix is observed with a minima at 208 nm and 222 nm 
(curve-5). Beyond 30% HFIP, curve-6, no change in the spectra was observed. Loss in 
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tertiary structure at 4% HFIP is shown in Fig-33, curve-2. In presence of 4% HFIP a 
conformation is obtained similar to the one in presence of 80% TFE. 
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Fig. 37 Effect of increasing concentrations of HFIP on acid-unfolded state of pea lectin as 
monitored by fluorescence spectroscopy. Native pea lectin at pH 7 (—), curve-1; at 
pH 2.4 ( ), curve-2; acid unfolded pea lectin at pH-2.4 in presence of 4%, 
curve-4; 8%, curve-5; 12%, curve-6; 16%, curve-7 and 30% HFIP, curve-8. Curve-
3 ( ) represents lectin in presence of 6 M GndHCI. 
Protein at 4% HFIP, curve-4, Fig-37, shows maximum intrinsic fluorescence intensity 
which goes on decreasing accompanied by a red shift in X^ ax with increasing HFIP 
concentrations suggesting the exposure of aromatic residues (only curves-4-8 
corresponding to 4%, 12%, 16%, 20% and 40% have been shown for the sake of clarity). 
Native protein is represented by curve-1, curve-2 and 3 represent protein at pH 2.4 and in 
presence of 6 M GndHCI respectively. A similar trend was observed in case of TFE. 
The observation deducted from far-UV CD spectrum that conformation of the protein at 
4%HFIP and 80% TFE resemble each other is supported by maximum binding of ANS to 
the protein in presence of 4% HFIP, flgure-35(curve-2) and 80% TFE, figure-35 (curve-
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1). In many proteins there is clear evidence for conversion of (3-sheet to a-helix upon 
addition of TFE and HFIP, as judged by CD measurements [179]. It has also been 
reported that HFIP is a more effective helix inducer than TFE [186]. The greater ability 
of HFIP in inducing a-helical structure cannot be explained by a simple additive 
contribution of abundant F atoms and bulky alkyl groups, suggesting that the co-
operative formation of the micelle-like assemblies is involved [188]. 
Here we show that although HFIP and TFE differ in their helix inducing capacity and 
have different modes of action on a particular protein leading to different types of 
structure at respective concentrations but in case of pea lectin an intermediate structure is 
obtained that is common to both TFE and HFIP. As discussed earlier, an intermediate is 
obtained at 80% TFE which lacks a-helical structure, a similar conformation is acquired 
by the protein in presence of 4% HFIP, further when HFIP concentration is increased 
structural rearrangements occur leading to the increased a-helical contacts. This 
transformation from P-structure to a-helical structure starts from 16% HFIP and is 
completed at around 30%HFIP, further increase in HFIP concentration was found to have 
no affect on protein structure. Although the hierarchical model of protein folding is 
popular, our results presented here also point out the possibility of the formation of a 
helical structure preceding the formation of the native P-sheet structure as already shown 
for p-lactoglobulin [179], and support the non-hierarchical model of protein folding. 
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4.2.3 Structural Intermediates of acid unfolded Con-A in presence of 
fluoroalcohols. 
4.2.3.1 Acid denaturation of Con-A 
Con- A was subjected to acid unfolding in the pH range of 7-0.6. Circular dichroism and 
fluorescence studies showed that Con-A exists as molten globule like intermediate at pH 
2. Fig. 38(a) shows the secondary structure of Con-A under different conditions, as can 
be seen from the figure, curve-2 that represents the lectin at pH 2 closely resembles the 
native state, which is represented by curve-1. Lectin at pH 2 is entirely different from the 
completely denatured state in presence of 6M GdnHCl, curve-3. 
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Fig. 38 (a) Far-UV CD spectra of Con-A at different pH. Native Con-A; curve-1, Con-A at 
pH 2; curve-2, Denatured Con-A in presence of 6M GndHCl; curve-3. 
Fig 38(b) shows the tertiary structure of the protein in native state, at pH 2 and in 
presence of 6M GdnHCl represented by curve 1, 2 and 3 respectively. Curve-2 shows 
loss of signals prominent in that of the native state and approaches towards the 
guanidine hydrochloride state indicating the loss of tertiary contacts at pH 2. 
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Fig. 38 (b) Near-UV CD spectra of Con-A at different pH. Native Con-A; curve-1, Con-A at 
pH 2; curve-2, Denatured Con-A in presence of 6M GndHCl; curve-3. 
Fig 38 (c) shows maximum binding of ANS to Con-A at pH 2, Thus figure 38 as a whole 
clearly indicates the existence of Con-A as molten globule like intermediate at pH 2 with 
native like secondary structure, disrupted tertiary structure, and maximum binding of 
ANS. 
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Fig. 38 (c) ANS Fluorescence transition curve of Con-A as a function of pH. 
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4.2.3.2 MG-like state of Con-A under the influence of Fluoroalcohols. 
The secondary structures stabilized by TFE are assumed to reflect conformations that 
prevail during early stages of protein folding [176,178,179]. HFIP is reported to have a 
much higher potential than TFE to induce a-helical conformation. The marked potential 
of HFIP cannot be simply explained by simple additive contribution of F-atoms. It is 
related to a high preference of HFIP to form the micelle like assembly [188]. It is known 
that addition of alcohols to already unfolded proteins and peptides induces secondary 
structures, in particular, the helical conformation [192,193,178,179]. 
Effect of 2,2,2 trifluoroethanol on acid unfolded Con-A. 
Fig.39(a) and (b) show that on addition of TFE to the MG-like intermediate of Con-A at 
pH 2 there was a sudden change in the conformation of the protein which is evident from 
the figure by a considerable decrease in CD value at 223 nm, of acid unfolded Con-A in 
presence of 2% TFE. On further increasing the concentration of TFE, CD values went on 
increasing and it was observed 10% TFE marked the beginning of the structural transition 
from beta to helix. 
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Fig. 39 (a) Far-UV CD spectrum of pH 2 intermediate of Con-A in presence of varying TFE 
concentrations. Native Con-A; curve-1, Con-A at pH 2; curve-2, 8%TFE; curve-3, 
10%TFE; curve-4, 20%TFE; curveS, 30%TFE; curve-6, denatured Con-A in 
presence of 6M GndHCl; curve-?. 
(b) Transition plot showing the changes in far-UV CD in pH 2 intermediate of Con-
A with increasing concentrations of TFE at 223 nm. 
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As shown in figure 39(a) the spectrum representing the protein in presence of 10% TFE 
{spectrum-4) undergoes a shift of few nm indicating a possible change in conformation. 
At 30% TFE (spectrum-6) Con-A acquires the typical a-helical conformation with 
minima at 208 nm and 222 nm, further increase in TFE concentrations only resulted in 
intensifying the signals and no change in structure was observed. Although near-UV CD 
analysis showed disruption of the residual tertiary structure of the acid unfolded Con-A 
(figure-38 b), intrinsic fluorescence studies (figure-39(c)) showed that fluorescence 
intensity goes on increasing upto 10% TFE and then decreases. 
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Fig. 39 (c) Transition curve showing the fluorescence intensity of pH 2 intermediate of Con-
A Con-A at 340 nm as a function of varying concentrations of TFE. 
Low concentrations of TFE caused opening up of the beta structure and changed the 
conformation such that the chromophoric groups tyrosine and tryptophan were separated 
from the vicinity of some quencher such as glutamate or aspartate. This could be a 
possible reason for the increase of fluorescence intensity up to 10% TFE. 
As mentioned above at 10% TFE a change in secondary structure was observed and the 
protein started to acquire an a -helix conformation, hence due to the hydrogen bonding 
induced by TFE and formation of a new structure the chromophoric groups might have 
again gained the proximity of some quencher groups which resulted in the decrease of 
92 
fluorescence intensity. Alcohols are known to weaken non-local hydrophobic 
interactions while promoting local polar interactions (i.e., hydrogen bonds) in proteins 
[167,194]. 
Extrinsic fluorescence studies showed maximum binding of ANS to the conformation 
induced by 10% TFE, figure-39 (d). 
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Fig. 39 (d) ANS Fluorescence transition curve of pH2 intermediate of Con-A as a function 
of varying concentrations of TFE. 
From these observations we can say that addition of TFE caused beta to alpha transition 
as expected because TFE has the propensity to induce helical structure in proteins. In the 
pathway from acid unfolded structure having residual beta structure to a one showing 
typical helical features, a MG like intermediate was formed in presence of 10% TFE 
having non-native secondary structure lost tertiary structure and showed maximum 
binding of ANS. 
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Effect of hexafluoro- isopropanol on acid unfolded Con-A: 
200 210 220 230 240 
Wavelcngtli[niD] 
20 40 60 
% HFIP (v/v) 
Fig. 40 (a) Far-UV CD spectrum of pH 2 intermediate of Con-A in presence of varying 
HFIP concentrations. Native Con-A; curve-1, Con-A at pH 2; curve-2, 2%HFIP; 
curve-3, 6%HFIP; curve-4, 8%HFIP; curveS, 16%HFIP; curve-6, 60%HFIP; 
curve-7 denatured Con-A in presence of 6M guanidium hydrochloride; curve-8. 
(b) Transition plot showing the changes in far-UV CD in pH 2 intermediate of 
Con-A with increasing concentrations of HFIP at 223 nm. 
Figure-40 (a) shows the spectra of Con-A under different conditions, spectrum-1 and 2 
depict Con-A in the native state and at pH 2 respectively. Spectra from 3-7 correspond to 
Con-A at pH 2 in presence of 2%, 6%, 8%, 16% and 60% HFIP respectively. In this case 
also it was seen that HFIP induced a-helix in Con-A, which showed p-sheet structure at 
pH 2. A sudden decrease in CD value was observed when HFIP was added and then CD 
values increased with increase in concentration of the fluoroalcohol (Fig-40 (b)), a slight 
shoulder at 208 nm generated at 8% HFIP while a typical helical structure with shoulders 
at 208 and 222 nm was formed at 16% HFIP, which in case of TFE was formed at 30%. 
HFIP has been found to have much higher propensity to induce a-helical structure as 
compared to TFE. 
Intrinsic fluorescence first increased up to 6% and then went on decreasing with increase 
in HFIP concentration, figure-40 (c). 
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Fig. 40 (c) Transition curve showing the fluorescence intensity of pH 2 intermediate Con-A 
at 340 nm as a function of varying concentrations of HFIP. 
Maximum ANS binding was found with acid unfolded Con-A in presence of 6% HFIP, 
pointing out the possibility of existence of a MG-liice intermediate at this particular HFIP 
concentration (figure-AO (d)). 
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Fig. 40 (d) ANS Fluorescence transition curve of pH 2 intermediate Con-A as a function of 
varying concentrations of HFIP 
Thus we can say the protein in presence of HFIP showed a somewhat similar pattern of 
conformational changes as was shown in presence of TFE. Here again, in presence of 
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HFIP, loss of tertiary structure was observed as the protein underwent transition in 
structure from beta to alpha (figure-41). 
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Fig. 41 Near-UV CD spectrum of Con-A under various conditions. Native Con-A; curve-1, 
Con-A at pH 2; curve-2,10%TFE; curve-3; 6%HFIP; curve-4, denatured Con-A in 
presence of 6M GndHCl; curve-5. 
In presence of fluoroalcohols the pH 2 intermediate was transformed to a state with 
predominant a-helical secondary and lost tertiary structures. In the pathway of these 
transformations MG-like intermediates were formed at 10% TFE (v/v) and 6% HFIP 
(v/v) respectively. 
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S.l Introduction 
5.1.1 Polyethylene Glycols 
H O - (CH2-CH2-0)„-H 
Polyethylene glycols (PEGs) are nontoxic water-soluble synthetic polymers widely used 
in chemical and biomedical industries. Different molecular weight PEGs exhibit different 
solubility, surface tensions, viscosities, freezing points, and melting points. All have 
sufficient solubility in water. In spite of their relatively inert chemical properties, PEGs 
have been found to have some interesting biological effects. For example, they cause 
profound changes in the conformation of DNA polymers [195] promote the fusion and 
hybridization of cells [196], and potentiate mitogen-induced stimulation of lymphocytes, 
presumably by enhancing the lateral aggregation of receptors in the membrane [197]. 
Polyethylene glycols are also extensively used for the precipitation and crystallization of 
proteins [198,199]. The mechanism by which PEG induces protein aggregation has been 
studied extensively, the PEG polymer adopts a random coil configuration in solution, 
acting as if it were a sphere with an effective radius. The center of mass of the PEG 
polymer cannot come closer to a protein than its effective radius. Thus the PEG is 
excluded from a volume around the protein defined by the surface area of the protein and 
the effective radius of the PEG. Removal of the protein surface area formed by protein-
protein interactions effectively decreases the volume that is not available for solvating the 
PEG. This provides an entropic effect promoting protein-protein association. The greater 
the volume that becomes accessible for PEG solvation upon formation of the protein 
complex, the greater the effect of PEG. [200]. For PEGs two possible mechanisms of 
stabilization have been suggested, steric exclusion and exclusion due to protein charge 
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[201]. Exclusion of PEGs leads to preferential hydration that stabilizes the protein 
structure. But here it should be mentioned that studies have shown that PEGs can interact 
with proteins in a number of ways. They may have destabilizing effects on proteins also 
depending on the chemical nature of the protein [202]. Possible destabilizing effect of 
high molecular weight PEGs (PEG-6000 and 20,000) was found on the acid unfolded 
state of stem bromelain [203]. In coming section we have shown the effect of low, 
medium and high molecular weight PEGs on an intermediate state of pea lectin obtained 
at pH 2.4 [204]. 
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S.2 (R^suCts and (Discussion 
5.2.1 Transition of a compact intermediate state of pea lectin under the 
influence of different molecular weight polyethylene glycols. 
5.2,1.1 Effect of PEGS on the secondary structure of pH 2.4 intermediate 
When different molecular weight PEGs were added to the previously characterized 
compact intermediate of pea lectin at pH 2.4 [204] some interesting observations were 
made. Fig.42 shows the transition plot of pH 2.4 intermediate as a function of increasing 
concentrations of different molecular weight PEGs. 
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Fig. 42 Transition plot showing the changes in CD mdeg with increasing concentrations 
of different PEGs. PEG-400 (—• — ), PEG-4000 ( _ • _ ) , PEG-20,000 (— 
CD changes were monitored at 217 nm. 
As can be seen from the figure increasing concentrations of PEG-400 from 10% to 80% 
(v/v) resulted in a continuous increase in CD values at 217nm. Figure shows that non-
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native secondary structure was induced by the low molecular weight PEG and causes the 
transition of pH 2.4 intermediate to a different state. 
On addition of medium weight PEG i.e. PEG-4000 there was no significant change in CD 
values at 217nm up to 25% v/v. From 30% PEG-4000 a slight decrease in 9 mdeg was 
observed along with a shift in trough from 217 to 219 that is again indicative of formation 
of some new conformation different from the pH 2.4 intermediate. 
In case of PEG-20,000 the MRE goes on decreasing with increasing PEG concentration. 
This shows that the high molecular weight PEG caused destabilization of the pH 2.4 
intermediate may be by reducing some of hydrogen bonds responsible for holding 
together the beta-structure of the intermediate form that closely resembles to that of 
native. 
Similar studies on protein and polyethylene glycol interactions [205] have shown that low 
molecular weight PEG 600 at low concentration causes a decrease in the secondary 
structure of the protein and has no effect on its tertiary structure. 
In another study [206] it was shown that PEG at low concentrations had no effect on the 
secondary structure while on increasing the concentration a considerable decrease in 
structure was observed. 
Thus it has been found that PEGs tend to have different effects on different proteins 
depending upon the chemical nature of proteins. It has been earlier reported from our lab 
that high molecular weight PEG-6000 and PEG-20,000, which generally stabilize 
proteins by preferential hydration mechanism [207], were found to play a denaturing role 
on acid unfolded stem bromelain [203]. 
According to Arakawa and Timasheff [202] PEGs may have a destabilizing effect 
because they are essentially non-polar and can bind to the protein through hydrophobic 
interactions. 
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Fig. 43 Far-UV CD spectrum of pH 2.4 intermediate of pea lectin in presence of varying 
concentrations of different PEGs. 
(a) 10% PEG-400, (curve.2); 50% PEG-400, (curve-3); 70% PEG-400, (curve-4); 
In presence of 6M GndHCl, (curve-5). (b) 5% PEG.4000, (curve-2); 40% PEG-
4000, (curve-3); In presence of 6M GndHCl, (curve-4). (c) 4% PEG-20,000 
(curve-2); 20% PEG-20,000 (curve-3); 32% PEG-20,000 (curve-4); In presence of 
6M GndHCl, (curve-5). 
In all the above three cases the intermediate state of pea lectin at pH 2.4 is 
represented by curve-1. 
Due to greater nonideality, high molecular weight PEGs acquire more compact structure 
as compared to low molecular weight PEGs and the possibility of their steric exclusion is 
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reduced. This allows these molecules to penetrate the hydration layer of the protein and 
bind to the hydrophobic sites that leads to the unfolding of the protein. 
Fig.43 (a), (b) and (c) depict the CD spectra measured in the far-UV range and 
summarizes the observations discussed above. In all the figures curve-1 represents the pH 
2.4 state of the lectin while all the other spectra correspond to pH 2.4 states in presence of 
different concentrations of PEGs. Only selected spectra are shown the for the sake of 
clarity. 
5.2.1.2 Effect of PEGs on the tertiary structure of pH 2.4 intermediate 
Intrinsic fluorescence studies 
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Fig. 44 Transition curve showing the fluorescence intensity of pea lectin at 340 nm as a 
function of varying concentrations of different molecular weight PEGs. PEG-
400 (—•—), PEG-4000 (—• — ), PEG.20,000 (—A—). 
In the previous study [204] it was observed that the pH 2.4 intermediate not only 
possessed substantial secondary structure but to some extent also native like tertiary 
contacts. 
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Fig.44 shows the transition of the pH 2.4 intermediate as a function of increasing 
concentrations of the three different PEGs. Increasing concentrations of PEG-400 caused 
a continuous increase in fluorescence intensity of the acid unfolded intermediate at pH 
2.4. While probing the secondary structure through far-UV CD we came across that 
PEG-400 caused an increase in the secondary structural elements, here the probe for 
tertiary structure indicates that it also caused an increase in the tertiary contacts. 
As reported earlier, pea lectin has been shown to possess a total of 29 aromatic amino 
acid residues out of which 5 are tryptophan residues. Trp-53, Trp-128 and Trp-206 are a 
little exposed while Trp-52 and Trp-227 are buried in the native form. Rest of the 
aromatic residues are contributed by 10 tyrosine and 14 phenylalanine amino acids. All 
the phenylalanine residues are highly buried while in case of tyrosine Tyr-46, Tyr-100, 
Tyr-179 and Tyr-191 are more buried than the rest. When treated with the low molecular 
weight polyol the increased tertiary contacts possibly caused the burial or internalization 
of the exposed tryptophan residues, attributing to the increased fluorescence. 
PEG-4000 induced a small decrease in the fluorescence intensity. The decrease in 
intensity could be due opening of the tertiary structure exposing the tryptophan residues 
to polar environment. 
On addition of PEG-20,000 again a decrease in the fluorescence intensity was observed 
along with a slight red shift of about 2-3 nm (fig.45(c)). The explanation to the decreased 
fluorescence is same as that for PEG-4000 i.e. the loss in tertiary structure leading to the 
exposure of tryptophan residues, red shift observed further supports the disruption of the 
tertiary structure. 
Fig.45 (a), (b) and (c) depict the selected fluorescence spectra of pH 2.4 intermediate 
treated with PEG-400, PEG-4000 and PEG-20,000 respectively. In all the three cases 
curves 1, 2 and 5 represent the native state, the pH 2.4 intermediate and 6M GdnHCl 
denatured state. Curves-3 and 4 represent the lowest and highest concentrations of the 
PEGs while all the other spectra corresponding to the other concentrations lie between 
curves 3 and 4 (not shown in fig). 
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Fig. 45 Intrinsic fluorescence spectra of pea lectin in presence of different molecular weight 
PEGS. 
(a) 10% PEG-400 (curve-3), 80% PEG-400 (curve-4). (b) 5% PEG-4000 (curve-3), 
45% PEG-4000 (curve-4). (c) 4% PEG-20,000 (curve-3), 32% PEG-20,000 (curve-4). 
In all the above cases pea lectin in Native state, curve-1 (—), Intermediate state of the 
lectin at pH 2.4, curve-2 ( ) and the 6M GndHCl denatured state curve-5 
( ). 
ANS binding studies 
It is a well-known fact that ANS, which is a fluorescent hydrophobic dye, binds to the 
hydrophobic patches present on the surface of the proteins [208]. It has a higher affinity 
for the intermediate states of the proteins as compared to the native state or completely 
denatured state. Intermediate states have such a conformation in which hydrophobic 
patches are exposed for ANS binding which are less accessible in the native and 
completely denatured forms [69], Hence, ANS binding is extensively used to monitor the 
exposure of hydrophobic patches of proteins during their folding or unfolding process. 
Figure-46 shows the binding pattern of ANS to pH 2.4 intermediate treated with different 
molecular weight PEGs. 
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Fig. 46 ANS Fluorescence transition curve of pea lectin as a function of varying 
concentrations of different molecular weight PEGs. PEG-400 (— • —), PEG-
4000 (— • —), PEG-20,000 (—A—). 
As is evident from the figure ANS maximally bound to the pH 2.4 intermediate. In 
presence of PEGs and with their increasing concentrations ANS fluorescence went on 
decreasing and at higher concentrations of the polyols, became negligible. The loss of 
ANS binding could be explained on the basis of CD studies that tell us about the 
secondary structure of the protein and in the light of intrinsic fluorescence studies that 
give an idea about the tryptophan environment in particular as the protein was excited at 
280 nm. When the pH 2.4 intermediate was treated with PEG-400 there was induction of 
secondary (Fig.43 (a)) and non-native tertiary contacts were formed resulting in the 
internalization of tryptophan residues (Fig.45 (a)). We can speculate that due to the 
formation of the non-native tertiary structure the hydrophobic patches also got buried and 
became more and more inaccessible for ANS binding with increasing polyol 
concentration. In case of PEG-4000 and PEG-20,000 loss in secondary as well as tertiary 
structure was observed. But the CD and fluorescence spectra of the intermediate treated 
with PEG-4000 and 20,000 in all the observations were different from that of 6M 
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GndHCl treated preparation indicating that tiie intermediate did not undergo complete 
denaturation. It can be hypothesized that PEG-4000 and 20,000 altered the conformation 
of the pH 2.4 and resulted in its transition to another intermediate state in which the 
hydrophobic patches were not as accessible as they were earlier. This explains the 
decrease in ANS fluorescence of the intermediate state when exposed to medium and 
high molecular weight PEGs. No Molten Globule state was observed in the protein 
folding/unfolding pathway induced by polyethylene glycols. 
The difference in the effect of low molecular weight PEG (PEG-400) and medium and 
high molecular weight PEGs (PEGs-4000 and 20,000) on the pH 2.4 intermediate could 
be due to the difference in the proposed mechanism of action of these polyols. PEG-400 
due to greater exclusion size as compared to higher molecular weight PEGs leads to 
protein preferential hydration, which stabilizes the structure. PEG-400 acts on the protein 
remaining away from the main protein structure, while high molecular weight PEGs (in 
our case PEG-4000 and 2,000) owing to their compact structure penetrate the hydration 
layer and directly bind to the protein bringing about the alterations in the structure. In 
earlier discussion it was observed that, when the compact pH 2.4 intermediate of pea 
lectin was treated with fluoroalcohols it was converted to an MG-like intermediate at 
80% TFE and 4% HFIP. Although the two fluoroalcohols differ in their helix inducing 
capacity and have different modes of action on a particular protein leading to different 
types of structure at respective concentrations but in case of pea lectin an intermediate 
structure was obtained that was common to both TFE and HFIP. The MG-Iike 
intermediate had non-native secondary structure and absence of tertiary structure and 
showed maximum ANS binding. In our present study we observed that the pH 2.4 
intermediate underwent transitions that led to the formation of three different 
intermediates under the influence of low, medium and high molecular weight PEGs. The 
difference in the intermediate states obtained was that the one formed by the action of 
PEG-400 was due to the induction of non-native secondary as well as tertiary structure 
and those formed by the action of PEG-4000 and PEG-20,000 were due to the loss of 
secondary structure and rearrangement in the tertiary contacts. Formation of PEG-400 
induced intermediate along with PEG-4000 and PEG-20,000 induced intermediate states 
has been discussed in detail in the previous section. Formation of secondary structure on 
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addition of low molecular weight PEG-400 is supported by the continuous increase in the 
CD values corresponding to the increasing concentrations of the poiyol, moreover the 
spectral features as shown in Fig-43 (a) indicate formation of non-native secondary 
structure. Formation of tertiary structure on addition of PEG-400 has been hypothesized 
considering the fact that tryptophan fluorescence was found to increase with the 
increasing poiyol concentration, which shows that the cromophoric groups get 
internalized during the process of formation of tertiary contacts. On the other hand in the 
intermediates induced by medium and high molecular weight PEGs a loss in secondary 
structure was observed, loss was more significant with PEG-20,000 as compared to PEG-
4000 probably due to reasons discussed earlier. The loss in structure can be seen in 
figures 43(b) and (c) where the spectra are seen approaching towards the guanidium 
hydrochloride denatured state. Our speculation of rearrangements occurring in the tertiary 
structure of the pH 2.4 intermediate is based on the results obtained by 
spectrofluorometry. Also the ANS binding studies showed the absence of any MG or 
MG-like structures formed in the folding /unfolding pathway induced by PEGs. 
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5.2.2 Structural Intermediates of acid unfolded Con-A in presence of 
low, medium and high molecular weight Polyethylene Glycols (PEGs) 
5.2.2.1 MG-like state of Con-A under the influence of different molecular weight 
PEGs. 
Stability and structural properties of the intermediate state of Con-A obtained at pH 2 
were studied in presence of low molecular weight (PEG-400), medium molecular weight 
(PEG-4000) and high molecular weight (PEG-20,000) polyethylene glycols. 
Generally it is known that high molecular weight PEGs stabilize proteins by preferential 
hydration mechanism [207]. In one study [205] it was shown that low molecular weight 
PEG 600 at low concentration causes a decrease in the secondary structure of the protein 
and has no effect on its tertiary structure. In another study [206] it was shown that PEG at 
low concentrations had no effect on the secondary structure while on increasing the 
concentration a considerable decrease in structure was observed. 
It has been found that PEGs tend to have different effects on different proteins depending 
upon their chemical nature. Earlier studies from our lab on acid unfolded stem bromelain 
have reported the destabilizing effect of high molecular weight PEGs 6000 and 20,000 
[203]. In our present work we have shown the different transitional states through which 
the acid unfolded Con-A go through on exposure to different molecular PEGs. 
Low molecular weight PEG-400 
On addition of PEG-400 to the Intermediate state of Con-A it was found that the low 
molecular weight PEG resulted in gradual increase in secondary structure up to 60% v/v. 
Further increase in concentration of the PEG up to 70% and 80% led to an abrupt 
increase in far-UV CD values pointing out the possibility of more intense structural 
changes occurring in presence of high concentrations of the polyol (Fig. 47 (a), series-1). 
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Fig. 47 Transition plots showing the changes in (a) far-UV CD and (b) near-UV CD with 
increasing concentrations of different PEGs. PEG-400 (— • —), PEG-4000 (— • 
—), PEG-20,000 (—A—). 
(In figures, circles represent series-1, squares represent series-2 and triangles represent 
series 3). Tiie somewhat different beiiavior of the acid unfolded structure of Con-A in 
presence of high concentrations of low molecular weight PEG is also reflected in the 
tertiary structure changes as observed by near-UV CD (Fig. 47 (b), series-1). It can be 
seen in figure that addition of 10% PEG-400 significantly increased the CD value at 293 
nm after which only a slight increase was observed upto 40% PEG-400 while from 50% 
the values decreased with increasing concentration. Fig. 48 shows tryptophan 
fluorescence in presence of PEG-400 (series-1). 
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Fig. 48 Transition curve showing the fluorescence intensity of pH 2 intermediate of Con-A 
at 340 nm as a function of varying concentrations of different molecular weight 
PEGs. PEG-400 (—•—), PEG-4000 (—• — ), PEG-20,000 (—A—). 
Fluorescence intensity went on increasing with increasing concentrations of the poiyol 
but it can be observed that upto 40% PEG the increase was gradual. At 50% the intensity 
increased significantly and at 70% and 80% PEG-400 intensity increased abruptly. The 
increase of both CD values and the fluorescence intensity upto 40% PEG-400 indicates 
that the tertiary structure of the pH 2 intermediate is stabilized. Decrease in CD values at 
higher concentrations (>40%) indicates alteration in tertiary structure. This change in 
tertiary confirmation might have occurred in such a way that it changed the position of 
one or more tryptophan residues putting them apart from some fluorescence quenching 
group accounting for the sudden increase in tryptophan fluorescence especially at 70% 
and 80% of the PEG. Bringing together the results obtained from far and near UV CD 
and tryptophan fluorescence it can be concluded that PEG-400 seems to induce non-
native secondary structure in the pH 2 intermediate while it seems to stabilize the tertiary 
structure only at low concentrations. 
Medium molecular weight PEG-4000 
Fig.47 (a), (series-2) shows that secondary structure was induced in the acid unfolded 
intermediate of Con-A with increasing concentration of PEG-4000 upto 35% but at 40% 
it resulted in decrease in CD values or we can say a sudden transition in structure 
occurred at the highest concentration. CD studies in the near UV range show that 
addition of 5% PEG-4000 considerably changed the tertiary structure of the Con-A 
intermediate (Fig.47 (b), series-2). On further increasing the concentration no 
considerable changes were observed, only a slight loss of structure was seen upto 20% of 
the polyol while at still higher concentrations the effect became almost constant. In the 
light of intrinsic fluorescence, the change occurring in the tertiary structure of Con-A 
intermediate can be interpreted as overall loss of tertiary contacts, as can be seen in the 
figure- fluorescence intensity of the intermediate increases at 5% PEG-4000 then goes on 
decreasing with further increase in concentration (Fig. 48, series-2). 
High molecular weight PEG-20,000 
High molecular weight PEG (PEG-20,000) showed similar effects on the Con-A 
intermediate as the medium molecular weight PEG (PEG-4000). Low concentrations of 
PEG-20,000 like PEG-4000 showed induction of non-native secondary structure but the 
transition that occurred at 40% PEG-4000 (Fig. 47 (a), series-3) took place at a lower 
concentration in case of PEG-20,000. Figure shows a clear decrease in CD values at 28% 
PEG-20,000. On adding PEG-20,000 tertiary structure changed significantly and, unlike 
PEG-4000, increase in concentration resulted in considerable loss of structure (figure-47 
(b), series-3). This loss of tertiary structure is also evident from decrease in fluorescence 
intensity with increasing polyol concentration (Fig. 48, series-3). Transition in tertiary 
structure mainly occurred at 16% PEG-20,000 while in case of PEG-4000 the transition 
started at around 20% of the polyol. So we can say PEG-20,000 altered the tertiary 
structure of the protein in a way similar to that of PEG-4000 but the effect of PEG-20,000 
was found to be more intense than PEG-4000 and the changes in structure occurred at 
lower concentrations of PEG-20,000 as compared to PEG-4000. 
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Fig. 49 ANS Fluorescence transition curve of pH 2 intermediate Con-A as a function of 
varying concentrations of different molecular weight PEGs. PEG-400 (— • — ), 
PEG-4000 (—• — ), PEG-20,000 (—A—). 
In order to identify the induction of any intermediates extrinsic fluorescence studies were 
performed in presence of ANS, a fluorescent hydrophobic dye widely used to detect the 
intermediate states of proteins, as it has higher affinity for partially folded or unfolded 
states with exposed hydrophobic patches [69]. PEGs show a significant amount of ANS 
binding. To rule out the contribution of PEGs, their respective blanks were prepared and 
fluorescence emission corrections for possible contribution of PGs were made. Fig. 49 
shows the binding of ANS to acid unfolded Con-A in presence of different molecular 
weight PEGs. A decrease in ANS binding with increasing concentrations of all the PEGs 
was observed. When the pH 2 intermediate was treated with PEG-400 tertiary structure 
was stabilized only at low concentrations, at higher concentrations alteration in structure 
was seen. Induction of non-native secondary structure was found with increasing 
concentrations of PEG-400. In case of PEG-4000 and PEG-20,000 loss of tertiary 
structure was observed with increasing polyol concentrations. There was induction of 
secondary structure initially but at higher concentrations loss in structure occurred. Loss 
of tertiary contacts bringing the pH 2 intermediate in a conformation where the 
hydrophobic patches became less accessible as compared to the pH 2 intermediate of 
Con-A explains the decrease in ANS fluorescence when exposed to PEGs. CD and 
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fluorescence spectra of the intermediate treated with the PEGs in all the observations 
were different from that of 6M GdnHCI treated preparation indicating that the 
intermediate did not undergo complete denaturation. It can be hypothesized that the 
polyethylene glycols altered the conformation of the pH 2 intermediate and resulted in its 
transition to another intermediate state in which the hydrophobic patches were not as 
accessible as they were earlier. 
On the basis of above results obtained we can summarize that the folding intermediate of 
Con-A obtained at pH 2 underwent a series of conformational changes when exposed 
fluoroalcohols and to different molecular weight PEGs. In presence of fluoroalcohols the 
pH 2 intermediate was transformed to a state with predominant a-helical secondary and 
lost tertiary structures. In the pathway of these transformations MG-like intermediates 
were formed at 10% TFE and 6% HFIP. In presence of low molecular weight PEG, 
PEG-400, non- native secondary structure was induced and tertiary structure was 
stabilized at low concentrations while loss of tertiary structure was seen at higher 
concentrations. In presence of PEG-4000 and 20,000 there was induction of secondary 
structure initially but at higher concentrations (40% PEG-4000 and 28% PEG-20,000) 
transition in structure was observed while loss in tertiary structure was seen with both 
medium and high molecular weight PEGs. As shown by ANS binding studies, in the 
intermediate states induced by the PEGs the hydrophobic patches were not as much 
exposed as in the pH 2 intermediate itself. Hence ANS binding was found to be 
maximum with the pH 2 intermediate which decreased on exposure to PEGs and went on 
decreasing with their increasing concentrations. 
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Intermediate States Of Lectin Under 
Alkaline Conditions 
Work from this chapter (for revision) in: 
International Journal of Biological Macromolecules. 
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6.1 Introduction 
Among the earliest known agents affecting protein stability and aggregation were salts 
[209] and acids and bases [210]. The earliest understood electrostatic effect on proteins 
was the pH titration behavior of native molecules [211]. The pH of the solution is crucial 
for the proteins because their net charge depends not only on the amino acids constituting 
them but also on the acidity or basicity of the buffer environment. Behavior of a given 
protein at low or high pH is a complex interplay between a variety of stabilizing and 
destabilizing forces. Various interactions get altered due to the change in pH. Hydrogen 
bonds play a very crucial role in stabilizing the structure. Hydrogen bond occurs between 
two electronegative atoms for the same hydrogen atom, D-H-—A. In protein major 
hydrogen bond donors are Arg with five hydrogens and lysine with three hydrogens. The 
strongest acceptors are Asp and Glu with 4 acceptor sites each. Upon reducing the pH of 
the solution the most of the acidic residues get protonated. It is very likely that extremely 
low pH would break salt bridge interactions. On the other hand increasing the pH would 
lead to the deprotonation of the basic residues Arg and Lys, probably involved in many 
hydrogen bonds in native state. Deprotonation would disrupt the stability of many 
residues involved, which may lead to unfolding of the protein. Also salt-bridges between 
ionizing groups may be weakened or disrupted at extreme pH, at which one of the 
interacting groups is no longer ionized. 
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6.2 (R^suCts and (Discussion 
6.2.1 Pea lectin in alkaline conditions: formation of MG-like 
intermediate and its structural and thermal studies under the influence 
ofHFIP: 
6.2.1.1 Alkaline denaturation of pea lectin 
Pea lectin was subjected to alkaline denaturation in the range of pH 7 to 13. It was 
observed that pea lectin showed resistance to alkaline pH up to pH 10.5 but at pH 13 both 
the secondary as well as tertiary structure underwent denaturation. Fig. 50, inset, shows 
the change in secondary structure of the protein as a function of pH as detected by far-UV 
CD. 
'200 210 220 230 240 250 
Wavelength (nm] 
Fig. 50 Far-UV CD spectrum of pea lectin at pH 7 ( ); pH 11 ( ); pH 13 (— • —), 
and in presence of 6M GndHCl ( ). 
(Inset: pH transition curve in the far-UV region, monitored at 217 nm). 
As already mentioned, it can be seen from the figure that the lectin resisted any change in 
its structure upto pH 10.5. From pH 11 a slight change becomes evident, further increase 
in pH resulted in continuous loss of structure and at pH 13 the protein is almost 
completely denatured. Fig. 50 depicts the spectra of pea lectin under varying conditions, 
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spectrum of the lectin at pH 11 is only slightly different from that of native and the 
spectrum corresponding to pH 13 state closely resembles the spectrum of the completely 
denatured state at 6 M GndHCl. Interestingly near-UV CD studies show that like 
secondary structure, tertiary structure of the protein also resisted any change upto pH 
10.5. A slight loss in structure occurred at pH 11, denaturation in tertiary structure went 
on increasing with increase in pH (Fig. 51) and at pH 13 protein lost the signal at 275 nm, 
which was prominent in native state spectrum and also in the spectrum of the protein at 
pH 11, and approached the completely unfolded structure in presence of 6M GdnHCI. 
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Fig. 51 Near-UV CD spectrum of pea lectin at pH 7 ( ); pH 11 ( ); pH 13 (— • —), 
and in presence of 6M GndHCl ( ). 
(Inset: pH transition curve in the Near-UV region. ElJipticity measurements 
were carried out at 275 nm). 
The known pea lectin amino acid sequence and knowledge of the secondary structure 
shows that it has 27 acidic residues and 20 basic amino acid most of them are 
approximately 50% exposed and few of these residues like Glu-119 and 223, Asp-81, 
121, 140 and 195, Arg-213 and His-166 and 252 are buried in the native form. 
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It is probably the titration of the side chains of these charged amino acid residues that 
disrupted their stability at extreme alkaline pH, ultimately leading to the unfolding of 
protein. Basic residues Arg and Lys, probably involved in many hydrogen bonds in 
native state get deprotonated due to which the hydrogen bonds get disrupted. May be the 
salt-bridges between ionizing groups also got weakened, contributing to the alkaline 
unfolding of the protein. 
Intrinsic fluorescence data, Fig. 52, shows a slight increase in fluorescence up to pH 8 
(spectrum-2) as compared to pH 7 state (spectrum-1). 
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11 12 13 
Fig. 52 Fluorescence intensity of pea lectin at 335 ntn as a function of pH. 
(Inset:Tryptophan fluorescence spectrum of pea lectin. Pea lectin at pH 7 
(curve-1); pH 8 (curve-2); pH 9 (curve-3); pH 10 (curve-4); pH 11 (curve-5); pH 
12 (curve-6); pH 13 (curve-7) and in presence of 6M GndHCl (curve-8 
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For this slight initial increase of intensity it could be hypothesized that up to pH 8 
disturbance in the balance existing between the amino acids of native state due to the 
titration of side chains did not come into play and only resulted in some kind of 
rearrangements in the immediate environment of tryptophan residues that resulted in the 
initial increase. Further it was observed that with increase in pH, fluorescence intensity 
went on decreasing. This decrease of fluorescence intensity could be attributed to the 
exposure of tryptophan residues to polar environment as a consequence of alkaline 
unfolding. Out of the 5 tryptophan residues Trp-236 and 257 are predicted to be present 
buried in beta strands. Rest of them supposed to form coils are also buried to quite some 
extent in the native form. The 10 Tyrosine residues which also contribute to the intrinsic 
fluorescence are shown to be a part of coil and beta structures and are also present almost 
buried in native state. When the protein opens up in presence of alkaline conditions, these 
aromatic amino acid residues that are a part of native beta structure get exposed to the 
polar environment resulting in the decrease of fluorescence intensity. 
As can be seen in Fig. 52 (inset), spectra from pH 9 show a continuous decrease in 
intensities and at pH 13 (spectrum-7) although there is an increase in intensity the 
spectrum is considerably red shifted and corresponds to the completely denatured state 
(spectrum-8) reflecting the loss of structure at pH 13, this result is in accordance with that 
observed by near-UV CD studies which also shows complete unfolding of pea lectin at 
pH 13. The extent of hydrophobic patches exposed in the entire alkaline range was 
monitored by extrinsic fluorescence experiments. Fig. 53 clearly shows maximum ANS 
binding at pH 11 state (spectrum-5). 
On the basis of observations stated above we can say that pea lectin at pH II exists as 
Molten Globule like intermediate with native like secondary structure, retained tertiary 
structure and has maximally exposed hydrophobic sites. Increasing evidences support the 
idea that MG state besides having secondary structure may posses well defined tertiary 
contacts as well [73-76]. In the insets of figure-52 and figure-53 only selected spectra 
have been shown for the sake of clarity. 
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Fig. 53 ANS Fluorescence of pea lectin as a function of pH. (Inset: Fluorescence emission 
spectra of ANS bound to native Pea lectin at pH 7 (curve-1); pH 8 (curve-2); pH 9 
(curve-3); pH 10 (curve-4); pH 11 (curve-5); pH 12 (curve-6); pH 13 (curve-7) and 
in presence of 6M GndHCI (curve-8). 
6.2.1.2 Effect of 1,14,3,3,3-hexafIuoroisopropanol on MG like state of pea lectin 
The stability of the MG-iike folding intermediate obtained at alkaline pH 11 was further 
studied in presence of HFIP. Far-UV CD studies showed that on addition of the 
fluoroalcohol the native like structure retained by the intermediate underwent a sudden 
change in structure (CD values of pea lectin under different conditions have been 
summarized in table- IX). 
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Table-rX: 
Simtnuy of difleient spectial properties of Pea lectin. 
Pea lectin under 
different conditions 
Native atpH 7 
MG-lil£ intemediate 
atpH 11 
M C-Iil<B intemnediate 
in presence of 8% 
HFIP 
GdnHQ 
MRE 
2nran 
-14.21 
-13.97 
-11.11 
-3.86 
275 ran 
0.5 
0.38 
0.17 
-0.74 
Intrinsic Runescence 
Relative 
FliDiescen 
ceintensi^ 
100 
35.16 
93.16 
30 
k-VCBX 
325 
325 
345 
345 
ANS 
FhDiescence 
Intensi^ 
6.11 
152.40 
176.10 
1.17 
Fig. 54 shows a continuous decrease in CD values with increasing HFIP concentration, 
inset shows, as expected, that under the influence of HFIP the residual beta structure of 
the protein in presence of 2% HFIP (curve-1) was transformed to typical alpha helical 
structure at 30% HFIP (curve-4) further addition of HFIP had no effect on the secondary 
structure. Spectrum-3 corresponding to the pH 11 intermediate in presence of 8% HFIP 
represents a state where the protein begins the structural transformation i.e. the 
transformation from beta to alpha. It is now an established fact that alcohol destabilizes 
hydrophobic cores because of its non-polar character while it enhances secondary 
structure formation of protein by minimizing exposure of peptide back bone [165-167]. 
They weaken nonlocal hydrophobic interactions while promoting local polar interactions 
(i.e., hydrogen bonds). In many cases alcohol induced unfolding of the protein is 
accompanied by stabilization of the extended helical rods in which the hydrophobic side 
chains are exposed but the polar amide groups are shielded from the solvent [179, 166J. 
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It has also been observed that alcohols induce significantly higher helical structures in 
partially or completely unfolded proteins as compared to folded proteins [212]. 
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Fig. 54 pH transition curve of pea lectin at pH 11 in presence of increasing concentrations 
of HFIP in the far-UV region, monitored at 217 nm. 
(Inset: Far-UV CD spectrum of pea lectin at pH 11 showing the effect of 
increasing concentrations of HFIP, 2% HFIP (curve-1); 4% HFIP (curve-2); 8% 
HFIP (curve-3); 30% HFIP (curve-4). 
Near-UV CD was used as probe to monitor the changes occurring in the tertiary structure 
of the protein under the influence of HFIP. The results obtained showed disruption of the 
residual tertiary structure (Fig. 55). 
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Fig. 55 pH transition curve of pea lectin at pH 11 in presence of increasing concentrations 
of HFIP in the near-UV region, monitored at 275 nm. 
Intrinsic fluorescence studies were also used to determine the tertiary structure of the 
intermediate in presence of HFIP Fig. 56 shows an initial increase in fluorescence 
intensity at 2%, 4% and 6% HFIP concentrations as compared to the native and alkaline 
unfolded intermediate but as shown in inset the increase in intensity was accompanied by 
a considerable red shift in each case. Hence it can be concluded that the residual tertiary 
structure of the pH 11 induced intermediate underwent further disruption on addition of 
HFIP and the in increase in intensity could be attributed to separation due to unfolding, of 
the chromophoric groups, originally present in vicinity of some quencher group in the 
native state. 
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Fig. 56 Fluorescence intensity of pea lectin at pH 11 in presence of increasing 
concentrations of HFIP at 335 nm as a function of pH. 
(Inset.'Tryptophan fluorescence spectrum of pea lectin at pH 11 in presence of 
increasing concentrations of HFIP, Pea lectin at pH 7 (curve-1); pH 11 (curve-2); 
2% HFIP (curve-3); 4% HFIP (curve-4); 6% HFIP (curve-S); 8% HFIP (curve-
6); 12% HFIP (curve-7); 16% HFIP (curve-8); 20% HFIP (curve-9); 30% HFIP 
(curve-10); 35% HFIP (curve-11) and in presence of 6M GndHCI (curve-I2). 
Extrinsic fluorescence studies were done in order to find out the HFIP induced 
intermediate with maximally exposed hydrophobic patches. It was observed that ANS 
showed maximum binding to the pH 11 intermediate in presence of 8% HFIP (figure-57). 
It can be seen from the figure that ANS binding to the HFIP induced state is even more 
than that of pH 11 intermediate itself Thus addition of 8% HFIP to the alkaline unfolded 
state resulted in formation of another intermediate having non-native secondary structure, 
disrupted tertiary structure and having maximally exposed hydrophobic patches. 
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Fig. 57 ANS Fluorescence of pea lectin at pH 11 in presence of increasing concentrations 
of HFIP as a function of pH at 350 nm. 
(Inset:Tryptophan fluorescence spectrum of pea lectin at pH 11 in presence of 
increasing concentrations of HFIP. Pea lectin at pH 7 (curve-1); pH 11 (curve-2); 
2% HFIP (curve-3); 4% HFIP (curve-4); 6% HFIP (curve-5); 8% HFIP (curve-
6); 12% HFIP (curve-7); 16% HFIP (curve-8); 20% HFIP (curve-9); 30% HFIP 
(curve-10); 35% HFIP (curve-11) and in presence of 6M GndHCl (curve-12). 
6.2.2 Thermal studies 
Comparative thermal studies were done on the above discussed intermediates of pea 
lectin, one obtained at pH 11,the alkaline denatured MG-like intermediate and the other 
obtained on treating the pH 11 intermediate with 8% HFIP. The thermal unfolding 
experiments of the intermediate states were performed with reference to the thermal 
unfolding of the native state of the protein. Figure-58 shows the thermal profiles of pea 
lectin under three different conditions monitored by far-UVCD at 217 nm. Series-1 
(represented by filled circles) corresponds to pea lectin in the native state. It was 
observed that there was no considerable change in structure up to 80°C, protein was 
found to undergo thermal denaturation at 85°C as reflected by the decrease in negative 
CD values at 217 nm. Series-2 (represented by empty circles) corresponds to the 
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changes that occurred in the MG-like intermediate when subjected to thermal treatment, 
the unfolding temperature of the lectin under alkaline conditions was reduced to 75°C 
while the same intermediate in presence of 8% HFIP (series-3), represented by triangles, 
was discovered to be the most labile form which showed changes in its secondary 
structure at temperature as low as 65°C. 
30 50 70 90 
Temperature C O 
Fig. 58 Thermal transition curve as monitored by far-UV CD at 217 nm. Protein 
concentration was 0.5 mg ml' in pH 7 (—•—), pH 11 (—o—) and pH 11 in 
presence of 8% HFIP (—A—). 
Tertiary structure of the lectin reacted in a pattern very similar to that of secondary 
structure when exposed to increasing temperatures (figure-59). It is known that tertiary 
structure is more susceptible to heat than secondary structure. In our case also the native 
protein resisted change in structure upto 70°C and unfolded at 75°C, the MG-Iike state at 
pH 11 melted at 70°C and in presence of HFIP tertiary structure that had already suffered 
denaturation under alkaline conditions, disrupted at 55 °C. Alkaline pH producing a 
decrease of denaturation temperature has been reported [213]. Here we also report a 
decrease of denaturation temperature under alkaline conditions and the further weakening 
of the structure under the influence of 8% HFIP resulting in thermal denaturation at even 
lower temperature. CD and fluorescence values of the lectin under varying conditions 
have been summarized in Table-1. 
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Fig. 59 Thermal transition curve as monitored by near-UV CD at 275 nm. Protein 
concentration was Img ml' in pH 7 (—•—), pH 11 (—o—) and pH 11 in 
presence of 8% HFIP (—A—) 
Alkaline pH (pH 11) resulted in the formation of a MG-like intermediate of pea lectin 
with native like secondary structure and quite stable tertiary structure and showed 
maximum ANS binding. Addition of HFIP to the beta rich intermediate resulted in its 
transition to alpha helix dominated structure and in between the pathway of transition 
another intermediate state was formed in which the native like secondary structure was 
replaced by non-native structure induced by HFIP and the tertiary structure, which was 
retained in the MG-like state, was disrupted. Thus HFIP induced state was also found to 
have maximally exposed hydrophobic patches. Thermal studies showed that alkaline pH 
reduced the denaturing temperature of pea lectin and it became even more susceptible in 
presence of 8% HFIP. 
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Abstract 
Effect of pH over a range of 0.8-10 on bovine serum fetuin (BSF) was observed by far and near-UV circular dichroism (CD) spectroscopy, 
intrinsic tryptophan fluorescence and ANS fluorescence measurements. It has been reported earlier by our group that a molten globule (MG) 
state exists in a-chymotrypsinogen [Biochim. Biophys Acta 1481 (2000) 229] and stem bromelain [Eur. J. Biochem. 269 (2002) 47] at low pH. 
In this paper we have shown the presence of an MG fomi of fetuin at low pH. Tlie far-UV CD spectra showed the regain of secondary structure 
at pH 1.8 as compared to the complete loss of secondary' structinc in presence of 6 M GnHCl. Ncar-UV CD spectra showed disruption of 
tertiary stmcture at pH 1.8. Tryptophan fluorescence studies indicated that there is only a slight red shift in the wavelength emission maxima 
('••max) of fetuin at low pH as compared to a significantly red-shifted spectrum of the completely unfolded state in 6 M GnHCl, indicating that 
the tryptophan environment of fetuin at low pH resembles more the native form. ANS binding experiments also showed an enhancement in 
ANS binding with decrease in pH up to 1.8. ANS binding was absent at pH 7 and in the presence of 6 M GnHCl. Fluorescence quenching 
experiments were also performed with acrylamide, cesium chloride and potassium iodide. The quenching of tryptophan fluorescence by the 
three ditTerent quenchers indicates that low pH induces a conformational change in protein, making the tryptophan residue less accessible to 
solvent. This suggests that a more compact structure exists at low pH. The results, being in accordance with far-UV CD and fluorescence 
studies, imply the presence of MG state of fetuin at low pH. As studied by fluorescence spectroscopy, dcnaturation of fetuin at low pH was 
found to be reversible. 
e 2003 Elsevier B.V. All rights resen-cd. 
Ke\'nwds: Fetuin; MG state; Circular dichroism; pH 
1. Introduction 
Fetuin is a glycoprotein abundant in calf serum. It i.s a 
protein found predominantly during fetal stage. Experiments 
with serum from calves of different ages have shown that the 
amount of this globulin has its highest value in newly bom 
calves and decreases with time. The name fetuin is derived 
from the Latin name for foetus, namely/e///.s. It is associated 
with the period when the greatest building and development 
of the aniiTial takes place. Fetuin is thought to play an 
important role in fetal brain developinent [1,2]. Bovine 
serum fetuin (BSF) comes under the category of acute phase 
reactants. Acute phase reactants are proteins usually synthe-
Ahhrevialions: MG. molten globule; CD. circular dichroism 
* Corresponding author. Tel.: +91-571-2720388; tax: +91-571-
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sized by liver cells, although other cells such as macro-
phages can also participate in their production. The synthesis 
of these proteins is dramatically modified by infection, 
inflammation and malignancy. Equivalent of fetuin in other 
mammalian species is alpha 2-HS glycoprotein (AHSG), 
which is a negative acute phase reactant synthesized by liver 
[3]. 
The carbohydrate portion of fetuin is made up of three 
branched heteropolysaccharide units. These units have been 
shown to have a similar monosaccharide composition. The 
peptide portion consists of a single chain with six infrachain 
disulfide bonds. The carbohydrate chains comprise 24% of 
the total molecular weight 48,000 [4]. 
Proteins may unfold through intenTiediate(s) which 
retain(s) a substantially high content of secondary structure 
but little or no tertiary stmcture known as molten globules 
(MG) [5,6]. The MG state attracts special attention; it may 
have some features of the native fold. However, this state 
differs from native state by the absence of close packing 
throughout the molecule and by a substantial increase of 
1570-9639/03/$ - see front matter © 2003 Elsevier B.V. All rights resen'ed. 
doi: 10.1016/S1570-9639103)00169-9 
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Abstract 
In our earlier communicalion on acid-induced unfolding of bovine serum fetuin (BSF), we siiowed the existence of a molten globule (MG)-
like state of BSF at pll 1.8. The MG state was characterized by higher content of secondary structure than native and almost complete loss of 
tertiary structure and more solvent exposed hydrophobic surface [Biochim. Biophys. Acta 1649 (2003) 164]. In this work we have shown the 
presence of an MG-like partially folded intermediate of asialofetuin at around pH 1.8, which is tnuch different from the MG state observed in 
BSF in secondary structure contents. The results show that asialofetuin at pH 1.8 retains ~ 45% secondary structure, as evident from far-UV CD 
spectra. The near-UV CD spectra sliowed almost complete loss of tertiary stmcture. The intrinsic fluorescence and acrylamide quenching of the 
lone tryptophan residue showed that in acid-induced state, it is buried in the interior in a nonpolar environment. The teinperature dependence of 
far-UV CD signal of asialofetuin at pH 1.8 exhibits a weak cooperative thermal transition. A significant increase in ANS fluorescence showed 
extensive solvent exposure of nonpolar cluster. Size exclusion chromatography (SEC) indicates a slight increase in the hydrodynamic size of 
acid-induced protein. These results suggest that asialofetuin at pH 1.8 represents the MG-like folding intermediate. Moreover, our results 
showed that glycosylation might play a role in stabilization of secondary structure during acid and/or thennal denaturation. 
© 2004 Elsevier B.V. All rights reserved. 
Keyivords: Asialofetuin; MG state; Circular dichroism; pH; Acid-unfolding 
1. Introduction 
To understand ftilly the conformational behavior of a 
protein, it is necessary to define not only the structure of its 
native state but also that of various denatured states. The 
molten globule (MG) state is the intermediate between the 
native and unfolded states [1] in which the protein molecule 
is almost as compact as in the native state [2,3] and has a 
loosely packed nonpolar core [4]. MGs have now been 
observed for a significant number of proteins, and it is 
assumed that most if not all proteins can form such species. 
In other words, MGs are general intermediates in protein 
Abbmviations: MG, molten globule; CD, circular dichroism; GnHCI, 
guanidinium hydrochloride; ANS, S-anilinonaphthalene-1-sulfonic acid; 
NATA, ,V-acetyl-i.-tryptophanamide; SKC:, size exclusion chromatography 
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folding. The development of broad range of techniques has 
led to the identification and characterization of stable 
intermediates in several proteins [5 7] Recently a number 
of equilibrium intermediates have been detected and char-
acterized, like in our earlier communications we have 
reported the MG states in proteins like a-chymotrypsino-
gen-A, stem bromelain, glucose-oxidase [8-10] and fetuin 
[11]. The high cooperativity and complexity of the protein 
folding process makes the characterization of conformation-
al transitions and equilibrium intermediate states hard to 
achieve; different methods are employed for the character-
ization of the folding intermediates and for understanding 
the different factors leading to the formation and stabiliza-
tion of these intermediates. One of the oldest known 
methods of denaturing proteins is by the addition of acids. 
Acid-induced unfolding of proteins varies from apparently 
fully unfolded to substantial remaining structure [12]. 
In the present study, we have characterized MG-like 
partially folded intermediate of asialofetuin. Asialofetuin 
is the desyalylated form of fetuin. 
1570-9639/$ - see iront matter © 2004 Elsevier B.V. All rights resers-ed. 
doi:10.1016/j,bbapap.2004.02.011 
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Abstract 
An intermediate state of lentil lectin was characterized at pH 1 having low content of secondary as well as tertiary structure. Far-
and near-UV CD spectroscopy showed loss of structure when pH was lowered from 7 to 0.8 but the structure loss was less than that 
of the protein in presence of 6 M GndHCl. Intrinsic tryptophan fluorescence studies, ANS binding, and acrylamide quenching 
experiments supported the existence of the intermediate at low pH. The unfolding process of lentil lectin at pH 1 was also studied 
by GndHCl denaturation monitored by intrinsic fluorescence spectroscopy. The non-cooperative unfolding at pH 1, in contrast to 
cooperative unfolding of the native protein further confirmed the presence of loose tertiary structure. The unfolded structure of the 
lectin at pH 1 was also shown by limited tryptic digestion studies. Further studies were performed on this intermediate state of lentil 
lectin obtained at low pH in presence of fluoroalcohols 2,2,2-trifluoroethanol (TFE) and 1,1,1,3,3,3-hexafluoroisopropanol (HFIP). 
Lentil lectin is mainly a p-sheet protein, and both TFE and HFIP stabilized the acid unfolded structure by inducing a-helical con-
tacts. Interestingly, it was observed that induction of the non-native structure resulted in regain of protein activity to some extent. At 
pH 1, loss in activity was found with both dextran and bromelain while the reported intermediate at the given pH was found to 
regain activity with bromelain in presence of HFIP and TFE. HFIP induced more structure as compared to TFE and hence a greater 
regain in activity of about 30% was observed with HFIP as compared to a 15% regain with TFE. Activity with dextran in presence of 
fluoroalcohols could not be determined as turbidity developed in the corresponding blank preparations. Our results presented here 
point out the possibility of the formation of a helical structure preceding the formation of the native P-sheet structure and thus sup-
port the non-hierarchical model of protein folding for lentil lectin. 
© 2004 Elsevier Inc. All rights reserved. 
Keywords: Lentil lectin; Molten globule state; Circular dichroism; Acid-unfolding 
Protein folding is currently a fundamental problem in 
biophysics and molecular biology. To understand fully 
the conformational behavior of a protein, it is necessary 
to define not only the structure of its native state but also 
those of various intermediate states. Knowledge of the 
latter is essential because they are the starting points of 
the process by which folding to the active form of the pro-
tein is achieved following biosynthesis. Study of the inter-
mediate states of the protein folding has entered a new 
Corresponding author. Fax: +9! 571 272 1776. 
E-mail addresses: rizwanhkhanCgihotmail.com 
ri2wanhkhanl@yahoo.com (R.H. Khan). 
(R.H. Khan), 
Stage, aided by recent technical advances. There has been 
increasing emphasis on the biological importance of non-
native conformations of protein ranging from various 
denatured conformations to aggregated forms [1-7]. Pro-
teins may unfold through intermediate(s), which retain(s), 
a substantially high content of secondary structure but lit-
tle or no tertiary structure known as molten globules 
(MG) ' [8,9]. The M G state attracts special attention; it 
Abbreviations used: MG, molten globule; CD, circular dichroism; 
GnHCl, guanidinium hydrochloride; ANS, 8-anilinonaphthalene-l-
sulfonic acid; NATA, /V-acetyl-L-tryptophanamide; TFE, 2,2,2-triflu-
oroethanol; HFIP, 1, 1, 1,3,3,3-hexafluoroisopropanol. 
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Abstract 
When pea lectin was exposed to a low pFI range, it was found that the secondary structure of the lectin resisted conformational changes to 
a large extent up to pll 2.4 and below this pll. a sharp transition was observed which could be due to the presence of 27 acidic amino acid 
residues present in the protein. 
The effects of 1, 1,1 ,.1,3,3 hexafluoro-isopropanol (IIFIP) and 2,2,2-Tritliioroethanol (TTE) on the conformation of pea lectin at pH 2.4 were 
studied using circular dichroism and fluorescence spectroscopy. Analysis varying the TFE concentration showed that up to 80% TFE (v/v) 
protein retained the residual p-structure accompanied by a loss in tertiary structure. A similar conformation is presumed to exist at 4% HFIP (v/ 
v), with an increase in HFIP concentration structural rearrangements occurred and a transition from p-slructiire lo a-helical stnicture started 
from 12% HFIP which completed at 30% HFIP. Our studies show the occurrence of a common intermediate in the folding pathway of pea 
lectin induced by two different lluoroalcohols. which differ in their mode of action to stabilize the secondary structure of a given protein. While 
TFE was not found to induce any a-he!icai structure, HFIP caused tlie transition of pea lectin, which is predominantly a (i-sheet protein, to a 
structure rich in a-helical contacts. TIius, our results also point out the possibility of a non-hierarchical model of protein folding in lectins. 
© 2005 Elsevier B.V. All rights reserved. 
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1. Introduction 
To understand protein folding, considerable ainount of 
effort has been focused on the detemiination and character-
ization of intermediates populated during the folding 
process. Knowledge of these intermediates is essential 
because they are the starting points of the process by which 
folding to the active fonn of the protein is achieved 
following biosynthesis. The characteiization of these struc-
tures and the factors involved in their stability would 
Ahhrvvialions: MG. molten globule; C:i), circular dichroism; GiiHCI, 
guanidinium hydrochloride; ANS, 8-anilinonaphthaIene-l-sulfonic acid; 
NATA, .'V-acetyl-L-tryptophanamide; '\TV.. 2,2,2-trifluoroethanol; HFIP, 
1,1,1,3,3,3-hexafluoroisopiopanol 
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provide important insight into the interactions responsible 
for their formation as well as their role in protein folding [ 1 ]. 
The development of broad range of techniques has led to the 
identification and characterization of stable intermediates in 
several proteins [2-5]. Recently, a number of equilibrium 
intermediates have been detected and characterized, like in 
our earlier communications, we have reported the molten 
globule states in proteins like a-chyniotrypsinogen-A, stem 
bromelain, glucose-oxidase, [6 9] and fetuin [10]. There has 
been increasing emphasis on the biological importance of 
non-native conformations of protein ranging from various 
denatured conformations to aggregated forms [11 17]. 
Nonnative states are easily achieved by solvent perturbation. 
An extensively studied co-solvent that modifies the protein 
conformation is alcohol. Studies on alcohol effects provide 
insights into biologically important events because the 
alcohol solution mimics the environment of biomembrane 
[18] and modifies folding pathways of proteins [19,20]. 
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Transition of a Compact Intermediate State of Pea Lectin 
Under the Influence of Different Molecular Weight Polyethylene 
Glycols 
Farah Naseem,' and Rizwan Hasan Khan''^ 
The compact intermediate of the pea lectin found to exist at pH 2,4 was treated with low 
(PEG-400), medium (PEG-4000) and high (PEG-20,000) molecular weight PEGs. The changes 
occurring in the secondary structure of the protein were monitored by CD spectropotarimetry 
in the far-UV range, intrinsic fluorescence was used as a probe to observe the changes in the 
tertiary structure which is reflected by the changes in the tryptophan environment, further 
ANS binding studies were made to know the extent of exposure of the hydrophobic patches 
which is again indicative of the overall changes occurring in the tertiary structure of the 
protein. It was found that the three PEGs altered the secondary as well as tertiary structure of 
the pH 2.4 intermediate leading to the formation of three different intermediates. The 
inteiTTiediates were found to have non-native secondary structure as well as non-native tertiary 
structure. The intermediate formed by the action of PEG-400 was due to the induction of 
secondary and tertiary structure while the intermediates fonned under the influence of PEG-
4000 and PEG-20,000 were due to loss in secondary structure and rearrangement in tertiary 
structure. Also the ANS binding studies showed the absence of any MG or MG-like structures 
fonned in the folding /unfolding pathway induced by PEGs. 
KEY WORDS: Circular dichroism; lluorcsccncc; intermediate slate; pea lectin. 
1. INTRODUCTION 
The study of the structure of native slate of 
proteins as well as that of the denatured states and 
folding intermediates is a matter of intense investi-
gation (Ptitsyn, 1992). Characterization of molten 
globule state and other folding intermediates is 
relevant to understand the pathways by which the 
proteins attain their native conformation. In order 
to clearly understand the contributions of specific 
interactions and forces contributing to the stability 
of the proteins it is necessary to carryout structural 
folding and unfolding studies. The structural analy-
sis of non-native states remains severely limited by 
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the intrinsically dynamic nature of the molecular 
ensembles (Dill and Shortle, 1991; Baldwin and 
Zimm, 2000; Pappu et al., 2000; Shortle and Acker-
man, 2001). A solvent perturbation study is a good 
approach to evaluate the stabilizing forces of pro-
tein structure. The effect of co-solvents on proteins 
and peptides are useful for considering how protein 
specific structures are stabilized in an aqueous envi-
ronment. One of the interesting co-solvents in this 
context are polyols. Polyethylene glycols (PEGs) are 
nontoxic water-soluble synthetic polymers widely 
used in chemical and biomedical industries. In spite 
of their relatively inert chemical properties, PEGs 
have been found to have some interesting biological 
effects. For example, they cause profound changes 
Abbreviations: MG, molten globule; CD. circular dichroism; 
GdntiCl. guanidinium hydrochloride; ANS, 8-anilinonaphthalcnc-
i-sulfonic acid; PEG, polyethylene glycol 
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